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.SUMMARY
This thesis investigates the utilisation of wet cohesive materials as 
embankment fill. An attempt is made to formulate a rational approach 
to assessing the suitability of such materials through standard labora­
tory and field measurements and tests. Consequently a method of esta­
blishing critical moisture content limits of these soils is proposed.
The three factors which influence the use of such fill are traffick- 
ability, embankment stability and self-settlement of embankments.
Primarily these factors depend on the remoulded undrained shear strength 
of a soil. The first part of this thesis therefore concentrates 
on the remoulded properties of cohesive soils and finds that there is a 
general relationship which summarises the undrained shear strength moisture 
content behaviour of these soils. It is shown that the principal influence 
on this behaviour is that of Liquid Limit.
In the second part of the thesis the three primary influences on soils 
suitability are examined. The restrictions on usage imposed by 
stability and self-settlement can be determined by calculation, and these 
are also shown to be related to Liquid Limit.
Field observations show that, in a general way, the depth of rut 
caused by trafficking plant can be related to the remoulded undrained 
shear strength. Equivalent strengths can therefore be obtained for the 
observed practical limits of plant operation. Tyre pressures and vehicle 
size are found to influence these limits.
Since the suitability of a cohesive soil is shown to be related to re­
moulded undrained shear strength, moisture content. Liquid Limit and depth . 
of rutting, it is possible to propose a rational method of assessing, the 
suitability of such soils in embankment. As a consequence it is shown 
that the common practice of employing a factor times the Plastic Limit 
as an earthworks control specification, is inappropriate and highly 
inaccurate when compared with a Liquid Limit control.
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1.0 INTRODUCTION AND APPROACH TO THE PR0BLEI4
1.1 Introduction
In Great Britain, road embankment materials which are obtained from the 
upper strata of the ground probably contain a greater proportion of 
cohesive rather than granular soils. Additionally, the average natural 
moisture content of a large proportion of the clayey upper layers of 
soil is equal to, or greater than, the optimum moisture content. Con­
sequently, wet cohesive materials may constitute naturally a high 
percentage of the Earthworks on some contracts.
Materials may become wetted also as a result of exposure to unfavourable 
climatic conditions. In Great Britain, 2,5mm of rain in a day is 
sufficient to give a rise of about 1^ moisture content in a 150mm 
thick layer of fill. In Southern England such rainfalls can be expected, 
on average, 73 days of the year, whilst on days double this amount 
can be expected.
The extent of the wet fill problem is, therefore, quite appreciable ahd 
has a considerable effect on the economics of earth moving.
Cohesive materials of high moisture content which may be troublesome 
at the placement and compaction stage of earthworks, are often regarded 
as being of 'marginal* suitability for use in embankments. The most 
economic earthworks, however, will result when the maximum amount of 
such materials is utilised in the road embankment, rather than being 
carted away and replaced with more suitable, and generally more expensive, 
fill. Savings in time and money can be affected if justification can 
be made for rational moisture content criteria. It is therefore
important to establish design criteria which relate suitability to the 
actual conditions of usage. In this way it would be possible to optimise 
the use of such materials as embankment fill.
The inter-particular changes a soil undergoes as its moisture content in­
creases are reflected in its physical behaviour. This is approximately 
the same whether the soil is at a high moisture content insitu, or has 
been brought up to this moisture content by adverse weather. Thus the 
effect of increasing the moisture content of soil can be clarified by a
?study of the process of compaction. This is the name for the operation 
in earthworks where the particles are constrained to pack closer together.
The object of compaction in earthworks is threefold:
1) to increase the soil strength in order to improve embankment stability 
and increase the bearing capacity below subgrade;
2) to decrease the permeability and absorption of the soil;
5 ) to decrease the likely internal settlement of an embankment, so enabling 
the road pavement to be constructed after an embankment is complete.
In plastic type materials when the moisture content is below the optimum 
the soil is stiff and difficult to compress. As the moisture content 
increases the water acts as a lubricant on the sides of the particles and 
the soil softens and becomes more workable, this results in higher dry 
densities and lower air contents. Increasing the moisture content further, 
above the optimum, results in a decreased air content as the water 
progressively displaces the air. However, this water also holds the soil 
grains apart so that the total voids increase and the dry density of the 
soil falls. Thus for soils in a wet conditon, a high percentage of the 
voids will be occupied by water, so little compaction can be expected.
As a preliminary requirement to compaction, the material to be compacted 
must be in such a condition that it can be trafficked by earthmoving plant.. 
If the material cannot be trafficked any latent facility of the soil 
for compaction cannot be exploited.
Because of the unique soils properties of different deposits, different 
soils at the same moisture content, even if they have the same plastic 
limit, behave differently. Consequently under the same design conditions, 
the degree of suitability of different materials would not be expected to 
be the same. This basic consideration is frequently overlooked in practice, 
for although the D.C.E, Notes for Guidance on the Roads and Bridges
Specification (1969) allows the Engineer discretion, they state ........
"It is vital if the best use is to be made of available material that these 
top moisture content limits should be carefully chosen and be realistic to 
avoid the waste of natural resources which might arise if the limits are 
unnecessarily conservative or the practical difficulties of construction 
and compactionVr'hich may arise if the limits are set too high. For 
cohesive or dry cohesive soil the value should be related to the plastic
limit; a suggested empirical value which has been found satisfactory is 
P.L. multiplied by 1.2l' Materials with parameters approximating to this 
limit are then generally regarded as being of 'marginal* suitability.
This criterion is widely known and is frequently regarded as an invariable 
law rather than a suggested empirical rule.
Such a blanket criterion ignores the design conditiDns under which 
the material is to be used, and conseqently not only is the criterion 
arbitrarily chosen, but often material which would be suitable under 
different design conditons (e.g., in lower embankments) is being rejected 
AdditianaEfer; there is the danger of unsatisfactory materials being used 
although they satisfy the 1.2 P.L. criterion (e.g., because at this 
moisture content the undrained shear strength may not be sufficient to 
maintain embankment stablity).
In the past there have been only limited attempts to assess an 
upper moisture content limit for cohesive fill, notably those, of Rodin 
(1965), Farrar (1971) and Snedker (1973)* Similarly, although there 
are several known practical cases of embankments being constructed at 
relatively high moisture contents, there have been few reported cases, 
with the exception of that by McLaren (1968). McLaren found that a 
boulder clay at a moisture content representing the limit of vehicle 
traffickability was stable at side slopes of 1 : 2 in a 6m high embankment, 
although the only compaction received was from trafficking plant, Farrar 
suggested that 5m high embankments at side slopes' of 1 : 2 would be stable 
at moisture contents of 1,4 P.L. Arrowsmith (197I) has suggested that 
materials at a moisture content of 1.3 P.L. may be suitable, and that some 
sites have used material in this conditon.
The desirability of using the undrained shear strength of a soil as an 
alternative to an arbitrary moisture content limit such as 1.2 P.L. has 
been indicated by Rodin, Arrowsmith and Snedker. As a consequence of 
such an approach it would appear that different P.L. multiplicands would 
be appropriate for different soils.
.1.2. Approach. t.Q the Problem.
The aim of this thesis is to propose a rational alternative to the 
prevailing, mainly arbitrary, methods of assessing the suitability of 
cohesive fill. The approach is based on relating the factors governing 
the suitability of cohesive fill to standard laboratory and field 
measurements and tests.
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The thesis is divided into two major parts. The first deals with the 
physical properties of remoulded cohesive soils with particular emphasis on 
the undrained shear strength behaviour and the factors influencing this 
behaviour. The second part of the thesis is concerned with the factors 
influential in an assessment of the suitability of cohesive soil for 
embankment fill based on the remoulded properties of the soil.
1.2.1. Approach to Part 1: Some Properties of Remoulded Cohesive Soils
(a) Remoulded Undrained Shear Strength
Because soil placed as fill undergoes mechanical working, the remoulded 
undrained shear strength of a soil is considered to be of more relevance to 
the suitability of soils in embankment’.than the undisturbed strength. 
Traffickability and embankment stability depend on the support that can be 
provided by a soil and the remoulded undrained shear strength must therefore 
influence the suitability of cohesive soils as fill material.
A study is made of the influence of moisture content on the remoulded un­
drained shear strength behaviour of cohesive soils, and of several factors 
which possibly could explain differences in this behaviour between soils.
These factors include liquid and plastic limits, clay content, mineral 
content and activity*
The object of studying the influence of classification characteristics is to 
find the most accurate controlling influence(s) which could possibly provide 
indirect means of assessing the remoulded undrained shear strength of fill. 
These could then be used in the proposed method of assessing the suitability 
of cohesive fill in part 2 of the thesis.
(b) Consolidation Characteristics.
In order that potential settlements within embankments can be estimated, 
consideration has been given to the influence of moisture content and Atterburg 
limits on the oedometer consolidation charateristics of cohesive soils.
1.2.2. Approach to Part 2; Assessing the Suitability of Cohesive Soils 
for Use as Embankment Fill.
It is considered that three conditions must be met in order that cohesive 
fill may become suitable for embankment purposes. These are:-
1) the ability to be excavated, transported, placed and constructed with 
normal equipment by normal methods;
2) the ability to form embankments with stable side slopes;
3 ) the capacity to have internal self-settlements which do not adversely 
effect the road profile.
Moisture content is the major influence on the behaviour of the fill in 
these three respects. Depending on the particular design requirements, 
any one of the above factors may assume the greatest importance. Thus 
all three aspects require study, but it is on traffickability in 
particular, which has had the least coverage in the past, that the second 
part of this thesis concentrates.
The lower value obtained by comparing the limiting moisture contents 
resulting from the three considerations above will yield the critical 
moisture content. Thus an itterative process of design will be required 
to finally determine the acceptable characteristics of the fill material.
(a) Traffickability
The interaction of plant with wet cohesive fill is considered to be the most 
critical factor, since mobility restrictions may prevent the effective 
implementation of an otherwise feasible embanliment design. The 
undrained triaxial compression test simulates the rapid imposition of 
load,provided by trafficking plant. A measure of the support available to 
plant will therefore.be given by the’undrained shear strength of the 
trafficked material. It is therefore important to look at the form 
of relationship between moisture content and undrained shear strength.
The moisture content of the trafficked material affects the undrained 
shear strength, which in turn influences the depth to which sinkage 
of plant or rutting will occur. Additionally the type (size) of plant |
utilised and the tyre pressures employed will also affect rutting. i
It is necessary therefore to investigate the inter-relationships of [
these factors. Field measurements of ruts produced in cohesive soils 
at different moisture contents were made. The undrained shear strength 
of the soil in the ruts was measured, in an attempt to relate rut depth 
to undrained shear strength. An attempt was also made in the laboratory 
to simulate the form such a relationship would take.
From these aspects of study conclusions on the physical restrictions plant 
imposes upon soils utilisation can be drawn. These limit criteria can ;
then be examined in relation to soils classification tests. This 
comparison will determine if there is some simple controlling factor(s) 
which can provide an indication of material suitability. If a basic 
test can be related in this way, field control will be more easily 
facilitated.
(b) Stability of Embankment Fill
Once the criteria for traffickability have been established for a 
particular soil, it is necessary to determine how stability considerations 
will restrict the embankment design.
In wet cohesive fill the value is likely to be relatively high for 
some time after construction, particularly if compaction has been 
employed. In practice however pore pressure information is not usually 
available, and short term stability is generally taken to represent the worst
case. Short term stability analyses have been performed, therefore,
based on the remoulded undrained shear strengths of different- soils.
These analyses enable the limiting embankment configurations for 
traffickable cohesive soils placed under uniform conditions to be determined.
There may of course be particular embankment conditiens which require 
an undrained shear strength of fill greater than that required to ensure 
traffickability, and these will influence the suitability requirements 
of the soil.
(c) Self-Settlement of Embankment Fill
When the height and moisture content of an embankment have been decided 
from traffickability and stability considerations, it is possible to make 
an estimate of the self-settlement of embankments. The self-settlement 
of an embankment is the settlement within an embankment due solely to 
the weight of the embankment material itself. Thus the self-settlement
of a layer at the base of an embankment will be greater than that in a
layer at the top of the embankment. Oedometer tests are used to derive the 
settlement parameters at different initial moisture contents, at pressures 
corresponding to the weight of the embankment. A certain amount of self­
settlement will occur while the embankment stands before surfacing 
(usually the following year). However, if the predicted remaining self- 
settlement after this time is not acceptable, a lower moisture content 
of fill must be used than that dictated by either traffickability or 
stabilityconsiderations.
1.3* Literature 
1.3*1* Introduction
Literature concerning methods of assessing the suitability of cohesive 
soils in the field is scant. There are only three primary references 
concerned- with a study of the factors influential in such assessment.
The first of these "The ability of clay fill to support construction plant" 
was published by Rodin in I963. This involved the prediction of 
undrained shear strength from index parameters and the determinations 
of undrained shear strength limits for plant, but was based on 
hypothetical and theoretical considerations rather than experiments and 
practical findings. Snedker (1973) adopted the work of Rodin as his basis, 
but further considered the limits of settlement and stability of 
embankment fill. In between these two papers Farrar (1971) considered 
a laboratory based approach to assessing fill suitability, concentrating 
particularIfer on stability and settlement.
In addition to these three references there are a number of secondary 
references which deal with various aspects of the topic of this thesis.
It is intended, therefore,to give in this section a resume of the literature 
and to discuss other relevant published information as it arises in 
the main text.
1*3*2. Resumé of Literature
(a) Remoulded Undrained Shear Strength
The remoulded undrained shear strength of cohesive soils in a wet 
condition has been shown to relate to various factors.
The method of recompaction, received by a remoulded soil before testing 
has been considered by some to be a possible influence on the remoulded 
undrained shear strenth behaviour of cohesive soils. The basis for this 
supposition emanated from the knowledge that static compaction generally 
results in a flocculated structure, and dynamic compaction generally results 
in a dispersed structure. (Seed and Chan (1939)). This latter being 
particularly so for cohesive soil compacted wet of optimum (Lambe (1938)). 
Specifically less shrinkage and greater undrained shear strength and lower 
pore pressures are to be expected from flocculated structures than from 
dispersed structures (Seed and Chan (op.cit.)) Static compaction is 
analogous to a consolidation process, and dynamic compaction to imposed 
compactive effort in the field* Thus behavioural difference observed 
in the laboratory could reflect on the method of field compaction to be 
adopted. However, despite these potential influences of soil structure, 
Farrar (l9?l) indicated that there were no significant behavioural
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differences between samples compacted statically or dynamically in the 
laboratory*
Huang and Shephard (1968) carried out a series of tests on statically 
compacted specimens of one cohesive soil. They found that curing 
time, analagQusto the time period in the field between the placement of 
layers, had no effect on the subsequent, undrained shear strength of the 
soil. They also found that as the moisture content of a saturated 
soil increased so the dry density decreased, ■ and that there appeared to be a 
linear relationship between the dry density and undrained shear strength. 
Additionally,for the soil studied, the undrained shear strength appeared 
to decrease approximately linearly as initial moisture content increased. 
This effect of a decrease in remoulded undrained shear strength with 
increase in moisture content had earlier been demonstrated by Skenipton 
and Northey (1952). Skempton and Northey indicated that on a semi-log 
scale the relationship between moisture content and undrained shear strength 
would be a gentle curve. Some results obtained by Rodin (19&5) confirmed 
the curved relationship obtained by Skempton and Northey.
Skempton and Northey (op.cit) showed that separate remoulded undrained 
shear strength - moisture content curves were produced by different soils, 
and they suggested that their order would depend only on the liquidity 
index. However, Rodin (op.cit), using as his basis some work on G.B.R. 
correlations by Black (l962:),produced a different series of theoretically 
based curves and indicated that the distinguishing factor in their 
order was the plastic limit. Soils of higher plastic limit were 
considered to have higher moisture contents at the same undrained shear 
strength. Snedker(1973) later adopted Rodin's curves per se for his
method of assessing soil suitability.
Dumbleton and West (1970 ) investigated the remoulded undrained shear 
strength properties of artificial soil mixtures based on either 
Montmorillonite or Kaolinite. They found that the undrained shear 
strength behaviour of the soil depended on the mineral type and on the 
percentage of the* mineral in each artificial mixture. They also indicated 
that the log of the undrainéd shear strength of a soil decreased linearly 
as moisture content increased. Undrained shear strength was found to 
increase as the proportion of clay present and its liquid limit increased. 
They also found that the surface texture of the added inert particles 
had a minor bearing on the results obtained.
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The principal influences on the remoulded shear strength behaviour of \ ‘
soils therefore, have been variously ascribed as : liquidity index j
plastic limit, liquid limit and mineralogy. There is, however, no |
consensus view on which of these factors is the more important. j
I.I(b) Traffickability
Although theoretically acceptable embankments composed of cohesive soils 
in a wet conditico may be designed, the major practical problem is: can 
the embankment be efficiently constructed, and can adequate initial 
compaction be achieved in the field? The answer to this question depends 
principally upon the mobility restrictions that material in a wet condition 
may place on plant.
The D.O.E. Notes for Guidance on the Roads and Bridges Specification (I96 9) 
has suggested that an empirical limit of soils suitability, and by 
implication traffickability, would be 1.2 x P.L. However, the D.O.E. 
has published no data to substantiate this limit, and other workers have 
shown some disagreement with this proposed value.
Rodin (1965) has suggested an arbitrary limit of rutting on compacted 
fill of 50mm. For this condition, he estimated theoretically, that the 
tyre pressure of plant should be restricted to five times the cohesion 
of the material. For standard tyre pressures of 300 kN/in , therefore, 
the required minimum undrained shear strength of the soil would be 60 kN/m^. 
This depth of rutting however, appears to be a severe restriction, and in 
practice scrapers find little difficulty in operating at sinkagesup to 
200mm (Farrar and Darley (1972)). However, no adequate theory has been 
developed as yet to predict the allowable rutting that soils can sustain 
despite numerous semi empirical attempts notably by Bekker (1956,1960,1969) 
and Frie tag (1965)
Based on field observations Farrar and Darley (op. cit.) suggested that a i
limiting remoulded undrained shear strength to ensure the traffickability 
of medium sized motorised scrapers would be 80 kN/m • They suggested 
that this would correspond to a moisture content restriction in the 
soil of about 1,2 x P.L, They also suggested that lighter plant might
pbe able to operate at an undrained shear strength of 50 kN/m" with the 
corresponding moisture content restriction being 1.3 x P.L,
Arrowsmith (1971) has suggested some traffickability limits for plant which
are based on his experience. The limiting undrained shear strength 
for tracked D8 tractors (which could be read to apply to towed scrapers) 
would be in the region of 35 kN/m • The corresponding limit for medium 
sized scrapers would be 60 kN/m^. Soils with higher undrained shear 
strengths than these would be suitable as fill material. Snedker (1975) 
has also suggested that an undrained shear strength of 35 kN/m would be 
the critical strength limit at which plant could work. Neither author, 
however, gives any indication of the rutting to be expected at such limits.
There have been few field trials to assess the traffickability limits of 
plant. McLaren (1968), however, reported the construction of an 
embankment of boulder clay which was placed at the maneuverability limits of 
tracked plant. This soil had a high granular content (70% by weight) and 
a low plastic limit of l8%. It was found that the limit of traffickability 
of the cohesive fraction would occur when the cohesive matrix had a moisture 
content of about 1.2 x P.L. However it was found that for practical 
reasons the fill could be adequately placed only at moisture contents of 
between 1.0 and 1.1. x P.L,
There is therefore no agreed undnained shear strength or rutting limit which 
will adequately define the limits of plant traffickability on cohesive 
soil, and there is some disagreement between authors. Experimental data 
is also scant, and many of the proposed limits sire opinionative. . Some 
of the more intricate theories which investigate traffickability, such as 
those of Betdcer, have not been able to define limits of traffickability and 
remain largely unsubstantiated in the field.
It is evident, however, that plant size, tyre size and tyre pressure must 
influence the limits of traffickability and that these must account in 
some degree for the discrepancies in limits of traffickability proposed 
by different authors. Rodin (op.cit) has indicated the influence of 
tyre pressure by suggesting it should be limited to five times the 
undrained shear strength. Although far from definitive,this does explain 
the traditional site expedient of reducing tyre pressures on weaker soils. 
Additionally, Rodin suggests that traffickability would be improved by 
increasing the wheel size, or by using dual wheels,although this latter 
may result in clogging.
The problems that cohesive fill presents to plant may mean that a practical 
moisture content limit may be that at the limit of movement of plant,
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although this has not yet been adequately defined. The retrictions on 
traffickability may then be the most important factor in determining how 
wet an embanlonent can be constructed, since unless plant can traffic, 
embankments cannot be constructed.
c ) Embankment Stability
Short term stability, represented by the undrained condition, has
generally been considered as the worst case in analysis of the stability
of embanl-onents of wet cohesive fill. Hence charts such as Taylor's
(1948) have been employed by workers when determining the side slope/height
restrictions of traffickable fill. Based on such charts, Snedker (1975)
suggested that a typical 10m high road works embankment would require a
2minimum undrained shear strength of 35 kN/m for 1:2 side slopes.
Farrar (1971) found that in theory the height to which an embankment could 
be built depended on the moisture content of the fill as represented by a 
factor X P.L. Under the same side slope conditions different soils at 
the same factor x P.L. could be built to different heights for the same 
factor of safety. For side slopes of 1:2, he found that some soils 
at a moisture content of 1.4 x P.L. could be built to 5i^  (for embankments 
on stable ground).
In the field, McLaren (1968) found that boulder clay placed near its limit 
of traffickability was stable in embankment at a height of 6ra and side 
slopes of 1:2. Although this embankment contained a drainage blanket 
the only compaction''received was that from trafficking plant.
Embankments can be built higher than undrained shear strength values allow 
if the rate of construction can be controlled. Otherwise higher 
embanlonents of fill in a wet conditionand of low permeability will build 
up excess pore pressures during construction, A usual expedient for 
dissipating pore pressure is the use of drainage layers, and various papers 
have suggested their inclusion in embankments of wet cohesive fill.
However, McLaren (op.cit) found drainage blankets to be inefficient in 
dissipating pore pressures during construction. After construction there 
is no doubt that drainage blankets aid the dissipation of pore pressure.
d) Consolidation and Settlement
When considering the suitability of soils, little emphasis has been placed 
on the actual settlement of the fill in the embankment, that is-, the 
settlement of the fill due to its own self-weight. Farrar (1972) suggested
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that self-settlements of 100mm might be acceptable away from structures, 
whilst Snedker (1973) suggested values between 100mm - 150mm,Snedker 
related a 150mm settlement in marls to a moisture content limit of P.L, f 2% 
for a 10m high embankment, Farrar's (op.cit) laboratory results indicate 
that a 150mm limit to settlement for a 10m high embankment would result in 
a different moisture content restriction for each of the three soils 
he studied, ranging from 1.0.P.L. to 1.25 P.L. Obviously for smaller 
embankments higher moisture contents could be considered for the .same total 
self-settlement.
Huang and Shepard (1968) h&ve shown that in the consolidation test the 
initial moisture content or dry density has apparently little effect on the 
final voids ratio. Consequently, as reducing the air voids increases the 
undrained shear strength (Rodin (196 5)),theoretically the same degree of 
undrained shear strength should finally be mobilised however wet the soil 
initially. They suggest that wetter fill could be used if preconsolidated 
to a density that would result in subsequently acceptable settlements* 
However, this idea would appear to be of limited pratical application since 
the soil would have to be able to support the weight of fill required to 
consolidate it in the first place. The logical alternative would be to 
employ stage construetuion in these situations, which would enable 
settlements to be reduced and stability to be improved. Available time is 
obviously an important element in both these approaches.
To minimise the total and differential settlement that will occur in a fill 
of a given moisture content» it is desirable to place it to low air voids. 
Farrar (op.cit) has shown that in this respect wetter material requires less 
compactive effort in order to achieve stipulated air voids.
The rate at which consolidation of embankments occurs obviously depends on 
the coarseness of the soil particles as well as moisture content. For the 
more impermeable soils it may be desirable to employ intermediate drainage 
blankets in the fill. McLaren (I96 8) found this proceedure to be effective 
in increasing the rate of settlement. As pore pressures dissipated there 
appeared to be an effective increase in the coefficient of consolidation.
e) Other aspects of the Use.of V.'et Cohesive Fill
If material in a wet condition is considered to be inappropriate for a 
whole embanlonent, it may still be possible to include some wet fill in an 
embankment of drier material. Rodin (1971) and Huang and Shephard (I96 8) 
indicated that placing the wet fill only in the lower layers of an embankment
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Could be a useful expedient.
Marginal material can be used safely in embankments of drier material 
provided it is placed in even layers, so reducing differential 
settlement (Snedker (1973))* It may also be expedient to direct these 
materials to low embankments which require only a low undrained shear 
strength to maintain stability. Where a large amount of such materials 
is expected on a particular contract it may be desirable to keep embankments 
low when optimising the design profile of the road (Snedker (op.cit)).
Farrar (1971) suggested that results from tests on wet soils can be applied 
to other soils with a similar moisture content to plastic limit ratio*
However this finding was based on an analysis of only three soils, and 
there are some doubts as to its validity.
f) Conclusions
It would appear from the available evidence that there is some scope for 
using fill in embankments wetter than is usual practice. Theoretically 
stable embankments of relatively weak soil can be constructed to moderate 
heights. These, however, may require the acceptance of large self-settlements 
and modified side slopes, and even with such modifications the use of 
weaker fill depends on its capacity to support trafficking plant. In at 
least one case (McLaren (1968)) it has been shown that the practical limit 
of placing soil may be less then the currently accepted moisture content 
limit of 1.2 X P.L, There is a need therefore to define the limits of 
traffickability for plant and to determine the limiting moisture contents 
of different soils for use as acceptable fill. This means that the 
remoulded undrained shear strength of different soils requires further 
study, and in addition, their self-settlement characteristics require 
examination to determine how soils at the limit of acceptability will 
deform in embankment.
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2.0 LABORATORY TESTS
2.1 Material Studied
Five potentially marginal soils were selected for extensive controlled 
laboratory tests. These soils were obtained from locations in South- 
East England, and will be referred to collectively as group A for ease 
of reference. Each of these soils has.also been given an individual 
indentification number.
Group A
5- Reading Beds
7* Unweathered London Clay - L.L, Less than 30%
11, Bagshot Beds
13. Weathered London Clay
13. Unweathered London Clay - L.L. greater than 70%
In addition to the above soils more limited tests were performed on 
the following soils from different locations in England. They were 
tested principally to determine the index properties, and associated 
undrained shear strength/moisture content relationships.
Group B
2. Bracklesham Beds
6. Brown Clay .
12. Reddish-brown Clay
16. Gault Clay
18, London Clay from Forest Hill
In order to corroborate and check the reproducibility of the data 
resulting from the materials tested, information was gathered from external 
sources. Information concerning four soils was made available by 
Nutall Geotechnical Ltd., from tests performed in 1974, these were:- 
Group C
1• Sandy Clay
8. Weathered Forest Marble
9. Weathered Oxford Clay
10. Unweathered Oxford Clay
Examination of published sources has also provided undrained shear 
strength/moisture content data, from Dumbleton and West (1970)» concerning 
two soils
3 . Brickearth from Harmondsworth
17. London Clay from Heathrow
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A reinterpretation of some data presented by Skempton and Nor they ('1952)
enabled the undrained shear strengtli/moisture content data of the
following soils to be studied;-
4. Horton Clay
14. London Clay
19* Shellhaven Clay
2.2. Testing Philosophy
Each of the three aspects governing soils suitability : traffickability, 
stability and self-settlement, have been examined through various 
laboratory tests. The tests appropriate to each of the factors have been 
performed with three intentions in mind, namely:-
1) To determine the properties of the deposits in a wet condition.
2) To appraise the effects of using these deposits in a wet condition
for embankment construction, . *
3) To suggest, from 1 ) and 2), restricting conditions of usage, which will 
assist in determining material suitability.
Tests have been performed on remoulded soil specimens, because it is 
considered this is the condition analogous to a fill situation. In a 
fill, soil has been obtained from a cut by a process of breaking a mass of 
soil down into a manageable size. When placed in fill, the soil may be 
reworked by plant trafficking on it, and then by compaction plant. In order 
to simulate this condition, samples of soils were completely remoulded, as 
described in 2 .3 , and were then assumed to have no previous stress history.
In forming specimens of group A and B soils for testing, the B.S.modified 
compactive effort (BS 1377 test No. 12) has been employed, This effort has.-' 
been used in an attempt to ensure that all samples were comparable over 
the range of moisture contents studied. The advantage of the modified 
effort is that it produces a lower optimum moisture content than standard 
effort, and thus keeps air voids to a minimum over a larger range of 
moisture contents.
The soils in group C, tested by Nuttal Geotechnical, were recompacted at 
B.S. effort (B.S. 1377 test No.1l), however, the results of tests on 
specimens so compacted are valid, for comparison purposes, in the range wet 
of optimum. No information on the method of remoulding was available on
13
the soils data presented by Dumbleton and West and Skempton and Northey,
Traffickability was studied in the laboratory by examining the support 
available to plant from different soils as their moisture contents increased» 
So far each soil a series of undrained triaxial compression tests was• 
performed on remoulded samples, recompacted at modified effort, over a 
range of different moisture contents.
Some of the results from other sources, used to corroborate the tests in 
this thesis, employed a hand vane for the strength tests rather than the 
undrained triaxial test adopted in the present work.
An attempt was also made to devise a test which would simulate the field 
condition of plant producing ruts. This test was intended to model the 
sinkage of a soil under constant load with changing moisture content.
This test is described and discussed in Chapter 4.
Short term stability could be examined through the results of undrained 
triaxial testing. Self-settlement of embankments composed of these soils 
is examined from the results of one-dimensional consolidation tests.
In addition:to the tests relating specifically to the aspects of 
traffickability, stability and self-settlement, laboratory compaction 
behaviour has also been examined, and a full range of classification tests 
performed on the soils studied. .Classification tests were required for two 
purposes. Firstly’,’ in order to form a large sample of one particular 
soil, it was necessary to know that the samples being mixed together to form 
a large sample were similar. Secondly, since it is widely held opinion 
that the suitability of a soil is regulated by a factor X P.L., it was 
necessary to examine whether or not there was aœlationship between P.L., 
or other classification parameters and the behaviour of a soil as its 
moisture content changed.
2.3 Selection and Preparation of Materials
All the materials tested for the purpose of this thesis were of distinct 
Geological types. • Samples of each material were identified using a 
combination of Geological Maps, available site investigation reports, 
visual observations and index tests. A large composite sample of each 
material studied was used as the source of laboratory test material. This 
was composed of many samples occurring above a typical projected cut line,
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which were recovered in the course of shell and auger boring. Each 
individual sample was inspected for compactability, both disturbed and 
undisturbed samples being used to form a composite whole sample. For the 
group A soils investigated in detail, the composite sample weighed about 
200 kg. For the soils on which more limited tests were performed the 
composite sample weighed about 100kg. The samples were not dried in any 
way before mixing, which was performed at the as-received moisture content.
A consistent sample was obtained by a three-stage process:
1 ) The materials were broken down by hand into small pieces, and the
whole sample thoroughly mixed by hand.
2) The materials were mixed and minced thoroughly using an electric
blender,
3) The whole sample was again mixed by hand.
The composite samples were stored in sealed containers for at least three 
days to allow some degree of equalisation of moisture content to take place. 
Moisture contents of soil from different parts of each container were taken 
for each composite sample, and the mean taken as the natural moisture 
content.
To produce specimens of the materials- at the required moisture contents 
for testing, the mean natural moisture content was talien as the base, and 
either additional moisture was added or the specimen was air dried. This 
latter means of obtaining the required drier moisture contents is considered 
to be of importance, since oven drying can substantially alter the 
characteristics of clays, and such a rapid natural drying of material is 
unlikely in the British Climate. Air drying was achieved by spreading the 
material evenly and allowing it to dry at normal air temperature, before 
thoroughly remixing.
For the wetter moisture contents a calculated amount of water was added to 
a known weight of soil at its mean natural moisture content. The 
material was spread evenly and some of the water sprinkled lightly on it, 
the material was ,then gathered by hand and spread evenly again, and more 
water sprinkled on it; this process was continued until the required 
amount of water had been added. The samples were then tightly bagged and 
left overnight for the moisture content to equalise.
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All specimens for undrained triaxial compression and consolidation tests 
were prepared at the selected moisture contents by recompacting under B.S. 
modified compactive effort. After compaction the specimens were 
thoroughly waxed, sealed, and left for a minimum of 24 hours before testing 
to allow equalisation of moisture content.
2.4» Tests Undertaken
Tests were carried out in accordance with B.S, 1377 • 19&7 - Methods of 
Testing Soils for Civil Engineering Purposes.
2.4.1. Classification Tests
A full range of classification tests was carried out on the composite 
sample of each soil studied. On each of the group A soils a set of 
eight Atterburg Limit Determinations was performed. As all the results 
showed good agreement within themselves, further testing was considered 
unnecessary.
A set of five particle size distributions and related hydrometer sedimentation 
analyses was carried out on each composite sample. These tests also 
showed reasonable agreement with themselves.
A set of four specific gravity determinations was carried out. on each 
sample. Again there was close agreement between the results on 
specimens of each sample.
The above tests were also carried out to a lesser degree on the other 
materials studied.
2.4.2. Compaction Test (Test 12 BS.1377 » 1967)
One compaction test was carried out on each group A soil using the
4.3 kg rammer. The dry density/moisture content relationships could 
then be plotted and the optimum moisture content and maximum dry density 
obtained. As described below, triaxial specimens were prepared under 
modified effort at different moisture contents, and the density and 
moisture contents of these specimens can therefore be used to provide 
additional points on the compaction curve.
The test was carried out on each material recompacted at several different 
moisture contents up to a maximum moisture content of about =1.3 x P.L.
In the higher moisture content stages of the test, difficulty was experienced 
with compacting, as the wetter material tended to be pushed out of the mould
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2,4.3* Undrained Triaxial Compression Test (Test 20, BS.1377 : 196?)
and (Bishop and Henkel : 19&9)
A full range of remoulded undrained triaxial compression tests was 
carried out on each material at various moisture contents in the standard 
manner, A series of tests was performed on each soil at moisture 
contents up to 1.4 x P.L. approximately.
Each set of three 38mm diameter specimens was taken from a large sample 
compacted at BS. modified effort and left for at least one day for the 
moisture content to equalise.
2Group A soils were tested at cell pressures of 30, 100 and 200 kN/m . Tests 
on some of the other soils were performed unconfined in order to simulate 
actual placement/trafficking conditions.
2.4.4. One-Dimensional Consolidation Test (Test l6 , BS.1377 ♦ 19^7^ 
One-dimensional consolidation tests were carried out on 76 mm diameter 
by 19 mm high specimens cut from the 102 mm diameter remoulded samples. 
Tests were performed only on Group A soils. Again specimens were tested 
over a range of moisture contents.
Generally, in testing, the specimen was first placed in the consolidation2cell with a seating pressure of 11 kN/m ^  at the same time water was added 
to the cell before the applied pressure was increased, as necessary, to 
prevent any swelling of the specimen. The actual pressures which 
maintained the volumetric equilibrium over a minimum of tliree hours was 
recorded as the swelling pressure.
Having determined the swelling pressure the test was continued in the 
usual manner in accordance with BS. 1377 to obtain the plot between the 
void ratio and the logarithm of the applied pressure, and the coefficients 
of consolidation (c^) and modulus of volume compressibility (m^) for each 
load increment.
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3.0 DISCUSSION OF LABORATORY RESULTS
The results of laboratory tests .are presented in summary form in 
the appendix. Test results will be discussed in relation to their 
bearing on the tliree factors: traffickability, self-settlement
and slope stability. Classification tests are also discussed 
separately.
3.1. Classification Tests.
The close agreement between individual results for different 
identification tests shows that the mixing process adopted produced 
consistent samples. Fig 1 (p48) which gives the Plasticity Index 
against Liquid Index plot for Group A soils illustrates this, with 
five distinct deposits being shown. This is not usually the case 
in normal site investigations; tests on discrete samples carried out 
during the course of such investigations usually show a larger 
scatter, due to depositional variations and other factors.
Similar close results were obtained for the other soils tested.
Fig. 2 (p49) summarises the mean index characteristics of all the 
materials investigated.
The clay fractions of the soils., which are appended in summary form, 
vary considerably. It is important to remember, when considering 
these results, that the sedimentation analysis is very sensitive to 
operator influence. This, combined with the fact that only a small 
sample is used, makes it an insensitive and not very reproducible 
test. It is therefore considered that this test has limited appli­
cation to the problem of soil suitability because of these inherent 
inaccuracies. Nevertheless these particle size distributions do 
enable the mean activity of the different clays studied to be 
calculated. These are summarised, in Table 1 (p43) together with 
the results of other classification tests.
3*2» Traffickability
3.2.1* Undrained Triaxial Compression Tests
The results of these tests indicate, that for a particular soil, 
there is a distinct relationship between moisture content and 
undrained shear strength, when /u = 0. For different soils, 
different relationships pertain, but these all appear to be of the 
same general form.
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Fig, 3 (p50) illustrates the typical results for one particular 
soil. The curve falls sharply at first, but then increasingly 
large amounts of moisture are required to produce the same change 
in undrained shear strength. It is noticeable that when the 
moisture content becomes relatively high for a particular material 
the results in relation to the proposed curves appear to be more 
scattered. Such behaviour may be related to the grain and void 
size. It could be that the relationship breaks down when there is 
little grain to grain stress transfer, with the high moisture 
content being more effective in holding the grains apart and 
rendering the material serai-thixotropic.
Fig. 3 also indicates that an increase in cell pressure over the
2 2range used, 30 kN/m to 200 kN/m , exerts only a restricted influence 
on the relationship. This would be expected, at the lower strengths, 
from the high moisture content and low voids indicated by the re­
compacted samples.
An indication that there is a general form of relationship for 
cohesive materials is given by Fig, 4 (p5'0, which summarises the 
results for Group A soils. Similar general trends to those reported 
here have been indicated by Huang and Shephard (1968), and Nodin 
(1966). Nodin proposed that a semi-log plot of moisture content 
against undrained shear strength would show that the higher the P.L, 
the greater the moisture content for a given undrained shear strength.
If the results for Group A soils are plotted on a log-log'basis, a 
much clearer picture begins to emerge, which is illustrated in Fig, 3 
(p 52). Here the individual points indicate a tendency to a more 
linear form, and, drawing the best straight line through each set of 
data produces a series of approximately parallel lines. This form of 
relationship was subsequently confirmed with tests on Group B soils, 
even though these were tested unconfined, to simulate field placement/ 
trafficking conditions. Analyses of published information and Group 
C soils confirmed this trend. All the soils examined, which are 
listed in Table 1 (p45), showed this form of relationship, which is 
summarised in Fig, 6 (p53). This figure represents more than 140 
individual sets of test results. For purposes of clarity these
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individual results have been omitted from Fig. 6, but a typical 
scatter in results, which seem to be more widespread at higher 
moisture contents, can be observed in Fig. 3 (p52). There is a 
greater scatter about the best straight lines at the higher moisture 
contents than at other moisture contents. This may be partly 
attributable to two factors: the semi-thixotropic nature of the soils
at these moisture contents which causes inconsistencies in sample 
preparation (see also later comments on compaction in 3*2*3); and the 
greater influence of the membrane on the specimens and their tendency 
to loose their rectilinear shape.
It should be pointed out that the lines on Figs. 3 and 6 may not 
exactly represent the behaviour of some of the soils. Thus the best 
line through a set of data need not necessarily be straight or parallel 
to other lines. However, the object has been to look for a general 
relationship which will approximate the behaviour of clay soils, so 
facilitating soils suitability analyses, from, atraffickability point of 
view. The indications are that very sandy clays could have & 
different slope when plotted on this basis, but there again such soils 
are less amenable to a /u = 0 analysis.
3.2.2, Dependence of Moisture Content/Undrained Shear Strength 
Relationship on Classification Parameters
(a) Liquidity Index
In 1932, Skempton. and Northey produced curves which showed that for 
the four clays they had studied, the remoulded undrained shear 
strength could be represented hs a function of the L.I. They went 
further to suggest that ’’...the order of remoulded strength depends 
only on the L.I." If such a statement is a correct summary of 
behaviour, the L.I. should exhibit a definite trend at any given 
undrained shear strength.
Table 2 (p46) lists the calculated L.I at an example strength of 
240kN/m for the different soils studied. The moisture contents 
at this strength are obtained from Fig, 6 . Fig. 7 (p54) plots the 
moisture content at 40 kN/m^ against the L.I. This figure shows 
that there is no definitive relationship, although a very broad 
trend could be proposed. The spread is such that extreme 
inaccuracies would result if we were to attempt to predict the 
remoulded undrained shear strength of a soil solely from the L.I.
2 2
For this reason, such an ill-defined trend would be of little 
value as a control, particularly since the trend seems to indicate 
a levelling out at an L.I. of about 0.14. Even if a definitive 
relationship existed, it is doubtful if it would be of practical 
use because the L.I. is insensitive to small changes in the 
components used in its calculation. The LI. is a small decimal 
number produced from the much larger figures of P.L.,L.L. and m.c., 
and changes of a few percent in any of these components are reflected 
by only fractional changes in the L.I.
Consequently it is considered that the L.I. does not sufficiently- 
define the behaviour of remoulded soils, and could lead to extreme 
inaccuracies. Although this idea is in contention' with Skempton 
and Northey, it should be pointed out that their conclusion was 
based on a study of only four soils.
(b) Activity, Clay Content and Clay Minerals
Activity has frequently been thought to have an affect on the 
remoulded undrained shear strength properties of clays, as a 
reflection of the behaviour of their constituent minerals. Un­
fortunately, because of the various mixtures of minerals present 
in different soils it is difficult to isolate the behaviour of soils 
from a knowledge of their activity. ■ This is borne out by Fig, 8 (p35)
which shows that soils of the same activity can have very different
2moisture contents at a given undrained shear strength (40 kN/m ), for 
example soils No’s. 3 and 14; and soils No.'s. 2 and 13.
This figure appears to indicate that soils with an activity greater 
than 0.8 may exhibit, a behaviour independent of activity. This is ah 
important point since pure Illite has an activity of about 0.9, and 
the vast majority of British soils are Illite based. Of the soils 
studied in this thesis, out of the seventeen for which activities 
we re available, twelve were in the range 0.7 to 1.2
According to Fig. S there may also be a slight trend for soils with 
activities less than 0.8 to exhibit an increasing moisture content 
at a given strength with increasing activity. Studies using pure 
clay minerals, however, contradict this premise. Dumbleton and West
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(1970)ï found that pure Kaolinite (activity about 0 ,3 ) had a higher 
moisture content for a given undrained shear strength than pure 
Montmorillonite (activity about 1,3), not a lower one. Activity 
in itself does not therefore appear to be a good guide to the 
remoulded undrained shear strength behaviour of soils.
The influence of actual clay content may not be as unpredictable 
as that of activity. Dumbleton and West also experimented with 
mixtures of known percentages of a clay mineral, together with 
(inert) quartz sand. For the two clay minerals they studied, 
Montmorillonite and Kaolinite, relationships between moisture 
content and undrained shear strength, similar to that in Fig. 3 
(p30) were obtained using a laboratory vane apparatus. Thus they 
obtained a .series of curves which reflected different clay contents. 
They concluded that as the clay content was reduced, the moisture 
content at a given strength would also reduce, and they obtained 
approximately straight line relationships, as in Fig. 9 (p3é ) for 
the different minerals. Plotting the results of the present work 
from Table 1 on this figure produces a broad scatter. However, if 
we consider soils which have an activity close to that of pure Illite, 
^ .8  to 1.0, it is possible to intimate a relationship for Illite. 
Further, Fig. 9 also indicates that soils above the proposed Illite 
line progressively approach the activity of Kaolinite, and soils 
below the line progressively approach the activity of Montmorillonite. 
Indeed, it is possible to draw other lines for an activity of 1.0 to
1.2 , and an activity of 0 .3  to 0 .7 .
It is doubtful if a knowledge of these relationships would lead to 
effective field control of moisture contents, principally for two 
reasons. First, the natural soils are not simple one clay mineral 
soils, but complicated mixtures, although one mineral may dominate.
The influence of this point is evident in a scattering of results.
One would also require to know the mineral constituents of a soil to 
check if it was behaving in the same way as the trends for Kaolinite, 
Montmorillonite and Illite as Fig. 9 indicates - a costly and 
difficult requirement. Secondly, Dumbleton and West knew exactly 
the proportions of their soil mixtures, but as previously indicated 
in 3 .1 , it is very difficult to determine exactly the clay percentage 
in a natural soil, because of the nature of the sedimentation 
analysis.
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Thus it is concluded that even though relationships may exist 
between clay content, and moisture content at a givairemoulded 
undrained shear strength for different clay minerals, these are 
difficult to establish and would not provide an efficient means 
of field control,
(c) Plastic Limit
Currently the P.L is thought of as the simple control parameter for 
earthworks, the limit of material suitability usually being defined 
as a moisture content which is equivalent to the P.L. multiplied 
by a factor. Frequently 1.2 x P.L is used as the upper limit of 
material suitability.
Additionally, Rodin (1965) indicated that the higher the P.L the 
greater the moisture content for a given undrained shear strength. 
However, if we compare the results obtained for group A soils with 
Rodin’s published works, we find a discrepancy. Both sets of 
lines have been drawn on Fig 10 (p57) to illustrate this point.
Rodin's proposed lines were produced as a result of modifying relation­
ships, produced by Black (I962), which relate to C.B.R. tests. Comparing 
Rodin's inferred curves, which are for 3% air voids, with the test 
results obtained indicates no obvious justification for distinguishing 
soil behaviour on a plastic limit basis. In fact this figure shows 
that two soils, Nos-7 and 11, with the same P.L. produce distinctly 
different curves. Interpretation of some data on artificial soil 
mixtures contained’ in Dumbleton and West (1970) confirms that soils 
of the same P.L. will have different undrained shear strength 
relationships. This point is illustrated in Figure 11 (p58) which 
shows a plot of P.L. against the moisture content required to produce 
a remoulded undrained shear strength of 40 kN/m^, This figure shows 
clearly ■ that at the same P.L. different soils will have different 
moisture contents for a given strength. It is also evident from 
Fig. 10 that the test results do not align in order of their P.L.
This lack of alignment with P.L. appears true for all the soils 
investigated as Table 2, which lists the soils in the sequence in 
which they occur in Fig. 6 , indicates clearly.
From the curves presented by Rodin, it would follow that at any 
given undrained shear strength, as the P.L. increased so should the
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permissible factor to be applied to the P.L. Reference to Fig. 10 
illustrates this point. Assuming Rodin's curves to be correctpto produce a 40 kN/mT strength for a soil of 20% P.L. a moisture 
content of 19% (0.95 x P.L.) would be required; at a P.L, of 24% 
a moisture content of 2 3.3% (I.O6 x P.L.) would be required; and 
at a 32% P.L. a moisture content of 40% (1.25 x P.L.) would be 
required. However, if we repeat this exercise for the soils 
examined in this thesis, such a pattern does not emerge. This is 
apparent in Table 2 where v/e can see that as the moisture content 
required to produce a given undrained shear strength in a soil 
increases, the factor x P.L. shows no definitive trend and in fact 
fluctuates between 0.93 and 1.44 times the plastic limit for apstrength of 40 kN/m”.
The reason for this disagreement is revealed by an examination of 
Black's original paper. Firstly, part of the argument in Black's 
paper involved relating the "true angle of friction /r" to the P.I, 
at different consistency indices (C.I. = It is clear
from the data presented that the relationship of /r with the C.I. is 
far from definitive. Nevertheless, an approximate relationship was 
then proposed between P.I., C.I,, and C.B.R. Secondly, Rodin, in 
adapting the information from this proposed C.B.R. relationship into 
terms of undrained shear- strength and P.L., chose only to consider 
average soils, that.is, soils represented by the general relationship:
P.I. = 0 .8 3 8 L.L. - 14.2
This equation was given by Cooling and Skempton (1941-42) for London 
Clay, but it is evident from Fig. 1 (p48) that it is an unrepresentative 
line for British Soils in general and that of Clare (1948) may be more 
appropriate. This is secondary to the main point which is that such 
equations can only broadly summarise soils behaviour. Fig. 2 (p49) 
for example, shows that the difference between the actual P.L, of soil 
No . 8 and that estimated from the above equation could be llunits.
Rodin has built this type of error into his analysis, and it obviously 
contributes to the discrepancy with the present work.
Examination of the actual results presented by Rodin, as opposed to 
his proposed curves, indicates further contention. Of the five soils
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he tested, only one actually follows exactly the line of his 
proposed curves. However, this is a London Clay of P»L.=27%* 
and it does not follow its own line, but that for a soil of P.L,
= 26%. A further London Clay soil he tested cut across the 
proposed lines for P.L.'s of 22%, 23%, 24% and 23%, and itself had 
a P.L. of 23%. Thus Rodin's results do not corroborate his own 
proposed curves, and this further indicates deficiencies due to the 
use of a generalised equation together with the tentative %r/Cl/PI, 
relationship of Black.
However, there may be an overall, if erratic, general trend for
the moisture content at a given undrained shear strength to increase
with the P.L. This is indicated by the plot in Fig. 12 (p where
the moisture content tends to increase with the P.L. to produce the
2same undrained shear strength. For a 40 kN/m undrained shear 
strength, fitting a mean line to these points in terms of a factor x 
P.L indicates that 1.2 P.L. could be used to summarise behaviour.
On Fig. 12 (a) few points actually fall on the summary line, with 
results up to a moisture content of 23% being contained within the 
range 0.9 x P.L. to 1.2. x P.L., and results for moisture contents 
above 23% being in the range 1.2 x P.L. to 1.4 x P.L. Further, the 
presence of different clay minerals as shown in Fig. 11 (p38 ) can 
drastically effect the P.L obtained- If the sole clay mineral is " 
Montmorillonite, the appropriate factor summarising behaviour is 
1 .5 P.L., whilst if it is Kaolinite, the factor is I .06 P.L.
Although natural soils may behave differently to these artificial 
mixtures, Fig. 11 shows clearly that mineral content can affect 
drastically the P.L. of a soil and consequently put in large error 
any summary of remoulded undrained shear strength behaviour by a 
single factor x P.L.
Another reason for the spread of values obtained in Fig, 12 may be 
the influence of coarse material, which passes the No . 36 sieve,on the 
determination of P.L. The nature and angularity of this coarse 
fraction have been shown by Dumbleton and West (1966) to be minor 
influences On the P.L. obtained for artificial mixtures. , A more 
obvious influence reported by Dumbleton and West is the proportion 
of the coarse material present. Increasing this proportion causes 
the P.L. to fall, but not linearly with clay content, and one would
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infer from this that the P.L. of the coarse fraction is a 
separate influence on the final value obtained. This reduction 
in the P.L. due to the influence of the coarse fraction has been 
noted for a natural soil mixture by Jones (1975)*
Fig, 12 (a) reveals that the range of P.L.'s studied is apparently
small, 16% to 32% and the spread produced by the points is large.
Thus if such a line were to be used as a control, it would introduce •
a large error. For example on the basis of Fig. 12 (a) the moisture
content predicted for an undrained shear strength of 40 kN/m^ in soil
No.2 would be 23.3%* However, Fig. 6 shows that the undrained shear
2strength at this moisture content would be about 12 kN/m and that the
2moisture content required for 4o kN/m should be only l8%. It is 
evident from Fig. 11 that the potential error could be greater than
this depending on mineral content. At the mean P.L. of the range
of soils studied, 24%, there could be an error in predicted moisture 
content of 10% which would correspond to an extremely large error in 
remoulded undrained shear strength.
At undrained shear strengths other than 40 kN/m^ even the vague 
1.2 x P.L. summary would be inappropriate. Obviously a different 
factor-times P.L. would summarise behaviour, since for a higher strength 
the soils would need to be drier, but their plastic limits would be 
unchanged, (see Fig, 6 (p33))* 60 if we required fill of, for example,
60 kN/m undrained -shear strength for embankment stability, Table 2 and 
Fig, 12 (b) show that we end up with an equally diverse spread of points. 
The line summarising behaviour in this case though is 1.1 x P.L, with 
external limits of 0 ,8 5 x P.L and 1.35 % P.L, together with a change 
over moisture content of 21.3%. Thus if 1.2 x P.L were to be regarded 
as invariable, some material passing this would be far too weak in the 
general case since 1.1 x P.L would be more appropriate. However, even 
using 1.1 X P.L we could still end up with some inadequate material, 
since some of the coarser soils should be at the much lower moisture
content of O .85 x P.L.
A partial cause of the inaccuracies apparent in Fig 12 may lie in the 
nature of the P.L test itself. This relies on the subjective judgement 
of the operator in making desisions, rather than the pure monitoring 
of results. Clearly this is an unsatisfactory state of affairs, 
especially if the results are to be used in assessing the suitability
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of earthworks, where .large economic considerations are involved.
At the moment however, there appears to be no alternative means of 
determining the P.L. The reproduceability of the P.L test is a 
•recognised problem and this is apparent from the new British Standard
Methods of Testing Soils for Civil Engineering Purposes (BS 1377,1975)» 
The suggested revision to the P.L test in this edition is that it be 
determined four times and the average result quoted.
Sherwood (1970) found that one-third of all P.L results could be more 
than - 3units of the actual value in error. This is a large proportion 
of the actual result when one considers that the range of P.L results 
rarely exceeds 30%. Even if we assume such a rectifying error, and 
apply it to the two soils at the edge of the spectrum in Fig12 (a) 
soils Nos 3 and 1 0, this would make their respective factors x P.L 
1.08 and 1.24 rather than 0.93 and 1.44. This error does not there­
fore sufficiently account for the deviation from the mean line of 1 .2 x 
P,L;and of course the error could be applied the other way, giving us a 
range of 0,82 x P.L to 1.73 x P.L.
Thus it would seem that an expression of the remoulded undrained 
shear strength behaviour of soils in terms of a factor x P.L is inexact 
and inaccurate. Applying such factors also masks an apparent change 
in behaviour whereby a lower factor would be appropriate for soils of 
low plasticity and a higher factor for soils of high plasticity. Thus, 
in terms of behaviour and accuracy, the use of a specific multiple 
times the plastic limit as a.summary of the allowable moisture content 
in cohesive soils appears to have extremely limited (and possibly 
damaging) application, and to be of unnecessary crudity. In fact there 
seems to be no reason for expressing a limiting moisture content in 
terms of the P.L when there is no rational change in this factor with 
increasing moisture content to produce a required undrained shear 
strength.
(d) Liquid Limit
Analyses of parameters which depend on P.L for their calculation, such 
as Liquidity .Index and Activity, have been shown to be of insufficient 
accuracy when plotted against control factors. These parameters, 
either singly or in conjunction,have in the past been held to be of 
major influence on the remoulded undrained shear strength behaviour
29
of clay soils. However, Table 2 (p46) indicates that the L.L, appears 
to have a much greater influence on the sequence of lines in Fig. 6 
(p53)» This table shows that the L.L. increases from about 30% to 
97% in a relatively orderly way as the moisture content required to 
produce a certain undrained shear strength in a soil (e.g. 40 kN/m ). 
progressively increases. The regular nature of this increase 
becomes more obvious when the L.L is plotted against moisture content 
for any given undrained shear strength. Fig. l4 (p^1) illustrates • 
that for a particular undrained shear strength 40 kN/m , a straight 
line defines this relationship with reasonable accuracy.
Dumbleton and West's (1970) work on Kaolinite/quartz sand and 
Montmorillonite/quartz sand mixtures can also be represented in a 
similar way to Fig. 14 and is compared with the proposed relationship 
in Fig. 16 (p63). Fig l6 indicates that whilst the relationship 
proposed in Fig. 14 may be valid for the majority of British Soils, 
where clay minerals are mixed, it may not necessarily be unique.
It may be that this behaviour is related to the principal mineral 
constituent, if we take the proposed relationship to represent that 
of Illite. However, we should note that Dumbleton and West's results 
relate specifically to artificial mixtures, and to single mineral 
mixtures. Additionally the two minerals considered are not dominant 
in natural soils; the vast majority of British soils are Illitic, and 
the proposed relationship may therefore have general application for 
these soils.
The reason for the existence of such relationships is not immediately 
apparent since the three lines are not in order of their mean activity. 
Neither do the order of points on Fig. 14 appear to correspond to a 
gradual change in clay content, as Table 1 (p^ |3 ) shows, except for 
the generalisation that those points at the lower moisture contents 
have generally less clay than those at the higher moisture contents’.
Yet both activity and clay content have been shown in Fig. 9 (p56 ) 
to influence undrained shear strength behaviour to a certain degree.
The results of Dumbleton and West are, however, related to a change 
in clay content, since they prepared their samples to have specific 
amounts of clay. This may indicate either that a mixture of a pure 
mineral with an inert additive produces more predictable results, or^
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that the points on the proposed line are arranged in order of clay 
content, but this has not been picked up because of the insensitive 
nature of the sedimentation test.
There certainly appears to be some difference between the behaviour 
of natural and artificial soils, since one of the soils tested, No.16 
Gault Clay, which typically contains a large amount of Montmorillonite, 
falls close to the proposed line and not to the artificial soils line 
for Montmorillonite. Similarly tests on a Gault Clay mixed with inert 
sand reported by Jones (1975) showed distinct’ differences with the 
behaviour for artificial Montmorillonite soils obtained by Dumbleton 
and West. It is probable therefore that the mechanisms in natural 
soils are different to those in artificial soils. It is possible that 
where the clay minerals are mixed, they may interact to give lower 
undrained shear strengths, but this interaction may be absent when a 
pure mineral is mixed with an inert additive. This seems probable 
in view of some earlier work by Dumbleton and West (I966). They 
examined mixtures of pure clay minerals Montmorillonite and'Kaolinite 
in different proportions with each other. They found that the 
resulting L.L's of the mixtures were always less than the mean values 
expected from the aggregate proportions of the constituents. The 
implication of this from Fig, I6 , is that at the same moisture content 
the soil would have a lower strength than that predicted by its component 
parts. In natural- soils the situation is even more complex and this 
may account for the changed order of mean activity in Fig. I6 .
A further reason for observed differences between the results obtained 
for natural soils and those for artificial soils may lie in the nature 
of preparation of the specimens. The natural soils tested were made 
up to test moisture contents either by air drying or wetting up from the 
natural moisture contents. The minerals in the artificial soils used 
by Dumbleton and West "Supreme Kaolin" and "Surrey Finest" are supplied 
by manufacturers. The manufacturing process involves artificial drying 
and pulverising, and this undoubtedly affects measured soil parameters 
thereafter. Specifically the Atterburg Limits must therefore be 
executed in a non-standard manner, for B.S. 1577 states that "(The).... 
method covers the determination of the liquid limit (or plastic limit) 
of the air dried soil. The method may also be used on a sample of 
soil in its natural state".
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Despite the differences between natural and artificial soils it 
appears that mineral content is much less of an influence on the 
L.L. than it is on P.L, Thus if we compare Figures 11 and 16 
(pp 3 8, 63.) it is apparent that the artificial Kaolinite and 
Montmorillonite soils are widely divergent with respect to P.L. but 
with respect to L.L. are narrowly confined. The counterparts for 
natural soils can be observed in the general spread of results 
related to P.L, in Fig* 11 and the accuracy with which results can 
be related to L.L. in Fig, 16.
The type of L.L. plot presented in Fig, l4 (p6?) can be repeated 
for any chosen undrained shear strength, as for example in Fig. 13 
(p62 ) for 60 kN/m , with similar accuracy. Repeating this plot 
for different strengths results in a series of lines for different 
strengths as in Fig. I7 (p64). From this figure it is possible to 
estimate the remoulded undrained shear strength of a soil solely from 
a knowledge of its L.L, and its natural moisture content.
It is possible that relationships such as those in Fig, I6 exist 
because in the Casagrande L.L. test an impulsive stress is applied to 
the specimen. Such a plot may therefore represent a correlation 
between different measures of stress. Coroboration of the validity 
of such relationships can be obtained by comparing the L.L. with other 
indirect measures of shear strength. Fig, 24 (p?l) shows for example 
that there is an approximate relationship between L.L. and dry density 
which is often related to undrained shear strength (this is discussed 
in section 3*2.4). More definite evidence comes from a study of 
suction (S) in relation to the L.L of a soil. If the shear strength 
(T") of a soil is considered in terms of effective stress parameters 
(c', /'), the revised Coulomb equation, for a fully saturated clay 
reduces to
T  = c’ + S tan
Suction therefore directly influences the shear strength of a saturated 
soil to a large degree since, in general, c’ values are small in 
comparison to the component. Black (1962) indicated a possible 
relationship between the moisture content at a given suction and the 
P.I. of remoulded soils. Black examined five soils, the details of 
v/hich are given in Table 4 (p4?), and although no relationship with 
L.L. was presented, from the data given in his paper it is possible to
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prepare such a plot. Fig. 19 (p66) shows that there is a good 
linear relationship between the moisture content at a given suc­
tion and the L.L,, and that it is possible to draw a series of 
contours at different suctions. Since suction is directly re­
lated to shear strength, it fallows from this figure that the L.L 
must also be. In fact. Fig. 19 is analogous to Fig. I7 (p64), 
and confirms that the L.L. can be related to the shear strength 
of saturated remoulded soils. Dumbleton and West also examined 
the suction of their artificial mixtures in terms of L.L. and 
these are compared with the proposed relationship at an example 
suction of 3pF in Fig. 20 (p67). This figure produces a counter­
part relationship to, and exhibits the same order of lines for 
different major constituent minerals as that observed for undrained 
shear strengths in Fig. 16 (p.63).
Thus suction is seen to be related in the same manner to L.L. as
undrained shear strength is, and this confirms the veracity of 
using the L.L as a guide to undrained shear strength at a given 
moisture content for the majority of remoulded natural British soils.
The accuracy of the L.L. relationships with undrained shear strength 
is much greater than that of P.L. Indeed examination of Rodin's
paper, in which he advocated P.L as the major control, indicates in
fact, that the soils he tested also align in order of their L.L's.
A comparison of the accuracy of P.L and L.L plots is given in Fig.13 
(p6 0) where the latter produces a much narrower spread of results.
In part this may be because the L.L test is much less subjective then 
that of the P.L,
Sherwood (1970) indicated, on the basis of the results from over forty 
laboratories, that the Casagrande L.L could be in error by i 8% of the 
actual result, or more, in one third of all results. However, he also 
showed that competent operators in one laboratory can reduce this 
error to i 1 or 2% of the actual result, and that a single operator 
can produce even more reproducible results. In this light the results 
obtained in Fig. 14 (p6l) are good, since only soils No's 4.3# and 10 
deviate by more than 4% from the proposed line. The reproducibility 
of results in Fig, 14 are, however, very good at high L.L's, for example.
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three similar London Clay soils, 14, I3 and 17, all from different 
sources, plot close to each other.
The' results for L.L cover a much greater range, from 30% to 97%
i.e. 67% of moisture as opposed to a l6% range for the P.L from
16% to 32%. This means that the slope of the L.L line is steeper
than that of the 1.2 x P.L, plotted on the same scale, as in Fig.13.'
Consequently, inaccuracies in using the L.L relationship are reduced,
since an error in the L.L of 1% would result in an error in the
moisture conent at 40 kN/m of 0.2%; but a similar error in the P.L.
would result in an error of about 1% in the moisture content. This
assumes both lines to be equally accurate, which as Fig. 13 shows,
they are not. The L.L is much more accurate. The larger error
that would result from using P.L as cpposed to L.L as a means of
prediction is also apparent when the results for artificial soils
presented in Figs. 11 and 16 (p58, 63) are compared. It is evident that
the potential inaccuracy, because of the influence of mineral content
when using P.L, can be 10% or more of moisture required to produce2an undrained shear strength of 40 kN/m . ' The corresponding difference 
for L.L is seen in Fig. I6 to be only 1%. The L.L is therefore 
clearly a more accurate parameter than P.L for predicting undrained 
shear strength.
The introduction of the new, preferred method of L.L testing, 
recommended in BS.; 1377 (1975), using the cone penetrometer should 
enable more accurate and reproducible results to be obtained (Sherwood 
(1968) , (1970))* A series of remoulded undrained triaxial compression 
tests at different moisture contents were in fact carried out on one 
soil to check this premise, the L.L being determined by the four point 
cone penetrometer method. The remoulded undrained shear strength 
results are/shown on Fig. 18 (p'63) and other data is given in Table 4 
(pv47)« When plotted on Fig. 1 7, the predicted and actual undrained 
shear strengths at different moisture contents matched exactly. 
Preliminary results indiacte therefore that this method of testing may 
lead to improved accuracy in the L.L relationships proposed. This in 
turn should make them more useful guides.
However it is unlikely that a perfect straight line relationship will 
be obtained for natural soils. In I966 Dumbleton and West investigated
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the influence of the coarser fraction of soils on the plasticity indices. 
They concluded that the surface quality of the coarse fraction, smaller 
than 40ym , influenced both the P.L and L.L; smooth surfaced coarse 
material produced negligible effect when compared with a pure clay, 
but increased angularity produced higher indices. They further found 
that the smaller the particle size of the coarser fraction the greater 
was the influence on the plasticity indices; and the greater the per­
centage of the coarser material in a soil the more the influence on the 
indices. The type of clay in the artificial mixtures they tested 
(Montmorillonite and Kaolinite) also influenced the results. The soils 
No's 1 to 19 on which Fig, 14 (p6l) is based, probably cover a range 
of permutations of the above factors and this will result in some 
scatter.
The greater influence of extraneous factors on the plasticity indices 
is more apparent where the percentage of coarser constituents in a soil 
is large. This partly explains why the relationships proposed in Figs.l4, 
15 and 16 (pp ^1,62,6 3) show a larger scatter, at low L.L's. The 
relationship appears to break down in the vicinity of L.L = 30% and this 
is an important fact to be borne in mind when considering the use of such 
lines, particularly since Fig, I7 (p64) shows how the lines converge at low 
L.L's. It may therefore be prudent to restrict the use of such 
relationships to soils with L.L's of 35% or greater.
One soil tested. No.3 Reading Beds, deviates considerably from the 
proposed line in Fig. l4 (p6l) falling on the unsafe side from a 
prediction point of view. The reasons for this behaviour are not clear; 
although the above mentioned influences may be contributory, deviation 
of this order would not be expected. It seems unlikely that the 
presence of the swelling clay mineral, Montmorillonite, is responsible, 
since the Gault Clay, soil N0 .I6 , which also contains this mineral did 
not behave similarly. This may indicate that soils can behave in a 
manner anO.malous to the general pattern. It seems more probable , in 
this installed, that erroneous data has caused the deviation.
If relationships such as Figs. 14, 15 and I6 can be accepted they will 
provide a useful field control, with the advantage that rapid approxi­
mation of the critical moisture content can be obtained without the 
expense of resorting to triaxial testing except in dubious cases.
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However, it is considered essential that the validity of such 
relationships is checked for each particular site, at the site 
investigation stage, since it has been shown that deviations may occur. 
Thus sufficient tests must be performed to determine the moisture 
content/remoulded undrained shear strength relationships so as to check 
that the sequence and slope in Fig. 6 (p55)is being followed. If it is, 
then relationships such as Fig. 14 can te used as field controls, but if 
the sequence is not being followed or the slope is different (possibly 
for soils of low L.L.), Figs. 14,13 and 16 cannot be used. Four back 
checks given in Fig. 18 (p65), on soils listed in Table 4 (p42), indicate 
that the sequence will in general be followed, and with reasonable 
accuracy.
The suggestion is that the L.L rather than P.L is the more dominant 
identification factor with regard to the remoulded undrained shear 
strength/moisture content behaviour of cohesive soils. This is confirmed 
by analyses which show that the L.L of a soil directly influences the 
suction/moisture content behaviour of soils, since suction is known to 
be related to shear strength. A factor times P.L only crudely summarises 
the undrained shear strength behaviour of remoulded cohesive soils and 
is prone to large error. In fact, it appears that any control parameter 
which depends on P.L. does not give a reasonable relationship with the 
moistuie content required to produce a given undrained shear strength.
Fig. 21 illustrates the detrimental effect of P.L on the L.L; 
is plotted against moisture content for an undrained shear strength of 
40 kN/m^, and a broad trend results. Similarly Fig. 22 (p69) shows 
how the L.L relationship in Fig. 14 (p6l) becomes distorted if we 
introduce P.L and plot P.I instead of L.L. This tendency of the P.L 
to spread results is further seen in the plots of Liquidity Index and 
Activity in Figs. 7 and 8 (p34,35)respectively.
3 .2 .3 . Compaction Tests.
The mean compaction curves obtained for group A soils and one other, 
under modified effort, are presented together in Fig. 23. The results 
of these tests indicate that wet of optimum the modified effort reduced 
air voids to between 0 and It was from this range that specimens
were taken for other tests since the different soils were then in a 
comparatively similar state of saturation. The deductions made in this
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thesis therefore refer to materials which can be regarded as having 
similar air voids in the field: 5% o r less. This figure is regarded 
by Barden in his work as one at which a recompacted soil can be 
considered to be sensibly saturated. It is also quoted by Snedker 
C1973) as the average compaction obtained in embankments, although 
10% air voids are often accepted'.
The percentage total voids increases as the higher moisture content 
regions are approached because moisture has replaced air and is more 
effective in holding the soil grains apart. In fact, during the 
preparation of samples for this and other tests, difficulties- were 
experienced in the higher moisture content,; reaches, in forming satis­
factory specimens for testing. This indicates how wet some of the 
material was. Although low air voids were produced, it is probable 
that some of the wetter soils had low air voids to start with, and it 
is therefore questionable whether compaction produced any actual 
reduction in air voids.
The study of compaction in relation to classification parameters would 
warrant much further study in itself, and it is intended here to give 
only an outline of the possibilities which will be of benefit later in 
discussing traffickability, but which requires further substantiation.
It is apparent from Table 1 (p43) and Fig, 23 (p70) that the general 
sequence of compaction curves depends on the L.L of the soil. (Note 
that strictly Fig.23 is an inaccurate basis of comparison since each 
soil has a different specific gravity, but it provides an indicative 
comparison). This fundamental influence of soil type on compaction 
curve is confirmed by statistical work reported by Woods (193S)- He 
analysed and grouped the compaction curves of 1,3 8 3, Ohio soils to 
produce average compaction curves whose maximum dry densities differed 
by 51b/ft^ (0 .8  Mg/m^). Unfortunately Woods did not report the 
compactive effort employed or the classification characteristics of the 
soil.
In 1968 James did some work on Malaysian soils and indicated that L.L. 
might be related to the maximum dry density obtained in the B.S. Compac­
tion test. The trend he found indicated that as the L.L decreased the
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optimum moisture content at B.S.Compaction would increase in a regular 
manner. However, soils of different origin showed slightly different 
relationships* The curve he produced for soils along the route of the 
North Canal, Malaysia, is shown on Fig 24 (p71). Using the optimum 
moisture content data in Table 1, the results of tests on group A soil’s 
all from the same region (plus the one available result, for soil 6 , 
from another site) can be plotted in the same manner, and an almost 
uniform relationship results. Although this relationship may or may 
not differ from site to site, (there is insubstantial evidence to 
support either view), the indications are that L.L can be related to the 
dry density produced in soils given the same compactive effort. The 
good relationship obtained for the group A soils may,in part, be due to 
the high degree of uniformity in each soil resulting from the method 
of specimen preparation.
It also appears that for soils wet of optimum, at about the same air 
voids, 0 to 3%, the dry density of a soil at a given undraihed shear
strength can be related approximately to its L.L, Using the moisture2 2content data from Table 2 (p 46) at the 40.kN/m and 60 kN/m limits,
the equivalent dry densities can be deduced from the respective compaction
curves for the different soils. Fig. 24 (p7l) shows that when these
dry densities are plotted against the L.L of each soil a definite trend
results, although the Reading Beds, soil No.5, again produces an erratic
result attributable to the fact that it falls out of sequence in Fig. 23.
Otherwise the spread of results is reasonable, considering that the air
voids of each soil will not have been exactly the same, both during
compaction and triaxial testing. The trends for given undrained shear
strengths differ slightly from those of the optima moisture content
relationships, in part probably because the air voids are greater at
the optimum than wet of optimum. Where the optimum moisture content
line intersects a strength line there is a cut-off point. Thus, for
example, soils to be compacted to the equivalent of B.S. effort in the
field, and which are required to have a remoulded undrained shear strength 2of 60 kN/m and air voids of between 0 and 3% can do so only at dry■zdensities less than I .78 Mg/m . (Assuming for the sake of argument, 
James' line to be representative of the soils considered).
It is possible that with further substantiation a series of curves 
representing different undrained shear strengths could be drawn in a
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similar manner to the contours proposed in Fig, 17 (p^^)« For the
moment, however, the lower bound of the points for undrained shear .
2 2strengths of 40 kN/m and 60 kN/m will be taken. Thus at these 
strengths we know the minimum density required of a soil with a certain 
L.L to achieve between 0 and 3% air voids. Density is often 
considered a good guide to shear strength, and the fact that L.L can 
be correlated with dry density corroborates the dependence of undrained 
shear strength on L.L in the proposed relationships such as that shown 
in Fig, l4 (p6l) and discussed in section 3*2.2.
James also indicated that the optimum moisture content might be related 
to the P.L., through a broad band of results, but that again differences 
might occur because of material origin. His proposed line for the 
North Canal soils recompacted at B.S. effort is shown on Fig. 23. When
the six soils from Table 2 (p46) are plotted in this manner, such a
relationship is much less definite because of the closer grouping of 
optima moisture contents, however there is an approximately similar 
trend as indicated in Fig. 23,
A range of compaction results for one particular soil type were 
available from a site investigation report. The soil, Clay-with-Flinbs 
covered a range of plasticity indices. The results which are for
compaction at B.S. effort, have been plotted on Fig. 25 and although they
do not correspond exactly with those of James they are of similar 
inclinations. The indication is that with further substantiation, there 
may be a relationship between the P.L and the optimum moisture content 
for certain sites, or particular soil types. However, at present it 
would appear that the P.L relationship is more of an indicative than a 
definitive trend. The relationship of L.L with dry density appears to 
be much more accurate.
Thus it is considered that Atterberg limits in conjunction with natural 
moisture content can provide an approximate guide to the compaction 
characteristics .of soils, and in turn can be related to the undrained 
shear strength of those soils.
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3,2.4. Summary of Discussion
Laboratory tests indicate that there is a relationship of a similar 
form between moisture content and undrained shear strength for near: 
saturated remoulded cohesive soils; and that when plotted on a log-log 
scale, a series of parallel lines approximate the form of the relation­
ships for different soils.
It has been shown that the L.L of a soil is directly related to the 
moisture content at which a soil will have a given undrained shear 
strength, and that linear contours of a reasonable accuracy can,be 
drawn when the L.L is plotted against moisture content at a given 
undrained shear strength. There appears to be a similar series of 
contours when L.L is plotted against moisture content at a given suction. 
This is taken to confirm the veracity of the undrained shear strength 
plot since the suction of remoulded soils is known to influence directly 
shear strength.
The P.L has been shown to be an inaccurate and therefore potentially 
dangerous way of trying to assess the remoulded undrained shear 
strength behaviour of soils, although in general the moisture content 
for a given undrained shear strength does increase as P.L increases. 
Parameters which depend on P.L are therefore influenced, and particularly, 
there appears to be no simple relationship with L.I.
It is apparent that clay content and activity together influence the 
undrained shear strength of a soil at a given moisture content, but 
definitive results could not be obtained. If a more accurate method 
of determining the clay fraction of soils were available, it is probable 
that activity would be a more reliable parameter than it appears at 
present. For example, it is evident that different pure clay minerals 
exhibit different undrained shear strength behaviour. It appears that
natural soils, in which the minerals are mixed do not behave in direct
order to the average of their constituent minerals. If exact 
information on the clay mineral content of the clays studied was available, 
further research into the affects of the individual minerals would probably
produce more accurate relationships with simple parameters. The
expensive and sophisticated methods required for the accurate determination
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of the constituent clay minerals have so far ruled out this approach.
It appears that the L.L of a soil can be related to the maximum dry 
density that can be produced when the soils are given the same compactive 
effort. There are also indicative trends which relate dry density to 
L.L for soils of a given undrained shear strength when near saturated. 
Furthermore there is a tentative relationship between P.L and the 
optimum moisture content at a given compaction, but this is ill defined, 
and may vary from site to site. These relationships require further 
research before the trends can be fully substantiated.
It appears that simple control parameters can provide a useful guide 
to the undrained shear strength and dry density of remoulded near- 
saturated cohesive soils.
3 .3 . Slope Stability.
For short term stability calculations the undrained triaxial compression 
test is appropriate. The behaviour of remoulded cohesive soils in this 
test has been described in section 3*2., and the dependence of undrained 
shear strength on moisture content is summarised by Fig, 6 p53*
Slope stability calculations are based also on the bulk density of a 
soil. For a soil of a given undrained shear strength which is near 
saturated, section 3*2.3* showed the dry density to be dependent on the 
L.L, see Fig, 24 (p?1). Table 9 (p133) shows that there is a similar, 
though lesser, effect on the bulk density of different soils at the 
same undrained shear strength. The effect is less on bulk density 
because the moisture content at a given undrained shear strength 
increases with L.L; as has been shown in section 3*2.
Since the L.L. of a soil affects both its undrained shear strength and 
bulk and dry density at a given moisture content, it may be concluded 
that the L.L. influences the stability characteristics of soils in 
embankment.
4l
3.4, Self-Settlement
Two facts should be borne in mind when considering the one-dimensional 
consolidation characteristics determined in the oedometer. Firstly, 
values obtained for the coefficient of volume compressibility, m^, 
are usually good approximations to actual values, and secondly values 
obtained for the coefficient of compressibility, Cy, are frequently 
poor estimates of actual rates of consolidation.
The results of these tests, which were carried out only on Group A 
soils, are summarised in an appendix hereto. These results showed 
that the consolidation characteristics of the specimens for each 
deposit were reasonably consistent with each other within the limita­
tions of the test.
Examination of the results shows that the initial moisture content 
of the specimen influenced the value of m^ obtained. When.at the same 
consolidating pressure, higher initial moisture contents resulted in 
higher m^ values. Figs, 6 (a), (b), (c) p(?3) illustrate this point, 
the indicative trend of increasing my with moisture content, for each 
soil, being overdrawn. (Points for soil No. 3» the Reading Beds, have 
been omitted since these were erratic). Similar trends appear to exist 
over different ranges of consolidating pressure.
For each soil tested, a comparison of the my values obtained at each 
pressure increment shows that, irrespective of the initial moisture 
content of the test specimen, m^ generally decreases most over the 
first pressure increment, then successively less over further increments. 
The air voids/log effective pressure plot for specimens of an example 
soil ( soil No. 15i Unweathered London Clay L.L. >70),-tested at 
different moisture contents are given in Fig. 27(p*74) . This figure 
shows that there is a tendency to the same final voids ratio irrespective 
of initial moisture content. Figs. 26 (a),(b), (c) show that as the 
consolidating pressure increases, the effect of increased initial moisture 
content in increasing my values diminishes and Fig. 27 (p 7^ ) shows that 
this is because there is less difference in voids ratio with increasing 
consolidating pressure. This effect has been reported elsewhere, 
notably by Huang and Shephard (1968), These reducing effects on 
the value of iiiy mean that it is only in the region of low consolidating
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pressure that increasing the moisture content has any appreciable 
effect in increasing settlements.
Fig, 26 indicates also that the L.L of a soil appears to influence the 
volume compressibility* The trends of m^ against moisture content for 
soils Nos. 7i , 13 and ,13 appear to be arranged, in order of 
increasing L.L. Additionally, these trends appear to become flatter 
as the L.L. increases. Consequently, at the same moisture content, 
it would appear that soils of high L.L would have a lower compressibility 
than soils of low L.L. This finding probably relates to the packing 
properties of the different size particles which changes in L.L. 
represent, and may be dependent on factors other than L.L,
However, as previously discussed in section 3*2 the moisture content 
of soils which havea high L.L, will be higher than those of soils with 
low L.L for the same remoulded undrained shear strength. Thus the 
effect of decreasing compressibility may not be as great as it might 
first appear, for soils of the same strength. Nevertheless, there will 
probably be some effect, and this is discussed more fully in Chapter 6.
It appears that, when all things are equal : manner of compaction, 
moisture content, and consolidating pressure, soils which have a higher 
L.L, will also have a lower m^ value.
In the consolidation tests, specimens were allowed to reach equilibrium 
swelling pressure before commencing the loading stage. It is known 
that, in general, this swelling pressure decreases as the moisture content 
of a soil increases, and test results confirm this. Additionally, as 
examination of the appended summary of results shows, and if we again 
exclude the results for Reading Beds, at the same moisture content soils 
of high L.L tend to have higher swelling pressures. Table 10 (pl34) 
illustrates a similar effect for soils of the same remoulded undrained 
shear strength.
Although c^  ^values obtained from oedometer tests, particularly on wet 
soils, are generally unreliable, some generalisations of the behaviour 
of Group A soils can be made. Plotting Cy in a similar manner to 
Fig. 26 indicates a very wide scatter of points, with no easily discernible 
general trend, as Fig. 28 (p73 ) indicates for one consolidation pressure.
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Vi/ith increasing moisture content, the c^ value decreased for Reading 
Beds, Bagshot Beds and Weathered London Clay; whilst for Unweathered 
London Clay, L.L.> yo, there was little decrease in Cy, and for 
Unweathered London Clay, L.L.<30, there was an increase. Although 
the influence of L.L is not readily discernible in Fig. 28, it is 
interesting to note that Terzaghi (194.3) has recorded that the value 
of obtained for undisturbed soils decreases in a general v;ay with 
increasing L.L., and this may also be true of soils remoulded at 
their natural moisture content.
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4.0 THE INFLUENCE OF UNDRAINED SHEAR STRENGTH ON TRA]5FICKABILITï
4.1 General
One of the major problems in using marginal materials with high 
moisture contents is the difficulty experienced in driving heavy ■ 
earthmoving machinery through them. This difficulty can arise both 
when the material is insitu and when trafficking on an embankment 
of such a relatively loose and lubricated soil. Placing cohesive 
soil in fill position can prove a more difficult tapk than excavating 
the soil, since the limit of traffickability for cohesive soils is 
reached sooner when placing materials than when excavating them,
(Rodin (1964)), This is particularly so for heavily overconsolidated 
clays, such as London Clay, where the stresses within the soil are 
released as a result of excavating.
The bearing capacity of marginal soils is generally low. Consequently, 
where the soil is over-stressed, the wheels of plant may sink in 
causing deep ruts as a result of excessive plastic deformation of 
the soil. Spinning and kneading by heavy tyred plant may at the 
same time cause slurrying of the soil. Considerable additional 
power will then be needed to move the vehicle forward against the 
soil drag, since rolling resistance is increased.
When excavating, several alternative plant types other than scrapers 
are avai].able, such as face shovels, draglines and conveyors. In 
excavation, using the most suitable plant can mean that the final 
formation level is relatively undisturbed even for wet marginal 
material. However, the main problem occurs when placing fill in 
position. The plant types are more restricted and the fill will be 
repeatedly tracked or tyred by the transporters.
Tracked vehicles in general transfer much lower pressures to the 
soil than tyred vehicles, because of the spread nature of their 
supports. The range of pressure transference being between 15 to 
70 kN/m^. Interpretation of some work by Reece (1965), on flat 
plates simulating trades, indicated that if sinkage of about 1/3 
the width of track were permissible then in cohesive non-granular 
systems the allowable track pressure could be twice the undrained 
shear strength, Arrowsraith (1971) suggested that medium to large 
tracked vehicles could operate on fill with an undrained shear
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2strength of 35 kN/m • However, this generalisation is made more 
particular by the results of work carried out by the Waterway 
Experiment Station (W.E.S.) Vicksburg (1955-1971)• From this 
work limiting criteria for tracked vehicles on compacted fill 
can be suggested; these are summarised in Table 5 (p 89).
Since criteria for the operation of tracked vehicles can be reason­
ably established, it is proposed in this chapter to examine the 
performance of pneumatic tyred vehicles.
A theoretical method which relates the performance of pneumatic 
wheeled vehicles to normal soil properties is not at present 
available. In the past, there have been two principal attempts 
to assess the traffickability of such vehicles, by Bekker and 
Freitag, In these attempts the emphasis was cm the locomotive 
power and efficiency required for plant to traverse ground, 
rather than the capacity of the soil to support them. Neither 
of these two approaches has been particularly successful.
Bekker (i960) proposed field plate sinkage tests to express rolling 
resistance and tractive force. This required the introduction of 
several new parameters, such as sliear displacement modulus, and 
plate sinkage moduli relating to cohesive and frictional elements, 
which had then to be related to each other. The result was a series 
of complex empirical equations involving exponentials to negative 
powers. Despite this work, and further development of Belcker*s 
theories by Janosi and Hanamoto (I96I) and Eeece (I965), there was 
little success in relating field performance to predictions from 
the empirically developed theories for pneumatic tyred plant.
A second approach was to use a cone penetrometer instead of a plate. 
This method was developed by W.E.S. and later extended by Freitag 
(1965)# From the cone penetrometer a dimensionless mobility num­
ber could be calculated, and this then related empirically to 
rolling resistance and traction by fitting curves. The mobility 
number is based on tyre dimensions and the average resistance to 
the cone in the top 230 mm of soil.
Neither Bekker nor Freitag made any dd.stinction between remoulded 
soil and insitu soil, and their results imply no differences in
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behaviour because of this factor. Additionally, their tests often 
involved virgin ground. That is, stubble or grass covered ground 
was not distinguished from remoulded (ploughed) ground, and their 
theories incorporated results from both»
Their theories also attempted a catholic approach towards all soil 
types, with inadequate distinction being made between the behaviour 
of sands and clays. These points are contributory factors to the 
inadequacy of both approaches. Even experimental work assuming the 
same terras of reference, by IXvyer et al (1974), indicated that both 
methods had their deficiencies. They conclude that Bekker*s method 
was better for predicting tractive performance, but Freitag*s was 
better for predicting rolling resistance and maximum tractive 
efficiency. However, in both cases the scatters were large :
Bekker*6 method predicting coefficient of traction at 20^ slip to 
an accuracy of « 22%; Freitag* s method predicting the coefficient 
of rolling resistance to - 20^ 6, and efficiency to - 13%#
In addition to the above deficiencies in approach, both researchers 
omitted basic analyses of undrained shear strengtb/sinkage/tyre 
pressure interaction and the relation of these factors to tyre area. 
Consequently the lack of a generally accepted numerical method of 
determining sinkage against load has so far prevented a positive 
rational solution to assessing the trafficlcability of pneumatic 
tyred vehicles on cohesive soils. It is therefore proposed in 
this chapter to look at the influence of these factors on traffick­
ability, primarily through field observations»
4.2 Field Observations
Observations were made at sites throughout England where wealc 
cohesive soils were being placed embankment. The object was to 
relate remoulded undrained shear strength to rut depth for different 
plant types. Only sinkage rutting was considered, progressive 
rutting by bogged machines or slippage rutting on laminated soils 
was ignored. Scrapers trafficking leveDled wet materials under 
difficult circumstances were observed at each site. In the ruts 
formed by each vehicle, several field hand vane tests were conducted, 
and whenever site conditions allowed, 58 mm diameter samples were 
recovered from the rut bases for triaxial compression and classification
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tests. At each site the vehicle tyre and tyre pressure and the 
rut depths formed from original bladed level were noted.
The results of field observations are summarised in an appendi.x
hereto. For contractural reasons the author agreed to preserve
the anonymity of the sites from which this data was collected, 
and the organisations involved. Generally observations had to 
be made v/hilst normal site work was in progress, however at three 
sites it was possible to exert a degree of control over the 
proceedings. At these sites vehicles were observed under full 
load trafficking horizontal levelled fill. The details of the 
vehicles operating on these sites, subsequently referred to as 
vehicles No's, 5, 6 and 11 are as follows:-
Vehicle No.5
A large rubber tyred scraper.
Tyres ; 2,1 m (7'O'0 dia. x 0.9 m (3*0") id.de.
Tyre Pressure : 3^3 kN/m^ (30 Ib/in^).
Vehicle Type : T.8.24.
Weight Loaded : 75 tonnes (approx.).
Ruts formed : 1000 ram \d,de x 380 ram deep.
Vehicle No.6
A large rubber tyred scraper.
Tyres : 2.1 m (7'0") dia. x 0,9 m (3*0") wide.
Tyre Pressure : 345 Idf/m^  (50 Ib/in^).
Vehicle Type : T.8.24.
Weight Loaded : 75 tonnes (approx.).
Ruts formed : 1250 mm wide x 400 mra deep.
Vehicle No.11
A medium sized rubber tyred box tractor.
Tyres : 1,6 ra (5*5") dia. x 0.55 m (1*9") wide.
Tyre Pressure : 275-510 kN/m^ (40-45 Ib/in^).
Vehicle Type : B.M, Volvo DR 860A.
Weight Loaded : 32.5 tonnes (approx.).
Ruts formed : 600 mra wide x 600 mm deep.
Vehicle No.5 was operating in soft material in an area of fill which 
had been repeatedly trafficked and was being continuousD.y reformed
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by a blade. The test area was bladed level and the loaded vehicle 
attempted to traverse the area. The wheels of the vehicle sank 
into the material up to its axles, but the vehicle managed to 
traverse the area under test at the first attempt and without 
assistance.
Vehicle No.6 was also operating in soft material in another area of 
fill which was being compacted by a traversing dozer. It was noted 
that when this area was not bladed level by the dozer, vehicles 
became stuck, due to the state of the material after repeated 
trafficking, and required assistance to extricate themselves#
Vehicle No,11 was operating in soft material in an area of fill 
which was being maintained by a traversing dozer. The test area 
was dozed level and the loaded vehicle attempted to traverse the 
area. Again the vehicle sank nearly up to its axles but managed 
to traverse the first part of the test area. The vehicle did, 
however, require several attempts to extricate itself from the 
second part of the test area. Only the first part of the test 
area was considered since,for the remainder of the run, parts of 
the vehicle other than the wheels were bearing onto the soil.
The vehicles for which data was collected generally fell into two 
groups: Medium to large scrapers, having a struck capacity of 
greater than 15 m? of which vehicles No*s. 5 and 6 are examples; 
and medium to light and towed scrapers, having a struck capacity 
less than 15 m^, to which vehicle No, 11 is very similar.
For the three sites where control was possible, several hand vane 
tests were conducted along the length of the rut test area. Six 
38 ram diameter undisturbed samples were also taicen from the ruts 
together with several bag samples, for classification tests. As 
a result of undrained triaxial testing the hand vane results were 
found to have consistent strengths compatible with the undrained 
shear strength. At other sites either hand vane tests and/or 
38 ram undisturbed samples were taicen for triaxial•testing depending 
upon the circumstances. The results for ruts where undrained shear 
strengths were available, together with observed mean rut depth, 
are given in Table 6 (p 90 )•
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Thé information obtained from field observations is limited 
because of the actual difficulty in discovering adequate sites 
working wet material. Frequently such occurrences are limited 
to soft pockets, which, because of their limited amounts, had 
often been removed in the same day between the time of notifi­
cation and getting to the site. Random visits to sites also 
provided little information on the weaker soils. The informa­
tion collected was therefore supplemented by reaualysing data 
reported by Farrar and Darley (1972), although again they did not 
encounter particularly weak soils. Their work involved observa­
tions made on scrapers operating on different sites in different 
materials, but they proposed no relationships. No useful in­
formation regarding the rutting of plant related to soil pro­
perties was available from plant manufacturers.
4.3 Laboratory Test to Simulate Traffickability 
In an attempt to overcome the restricted amount of field data 
available on the weaker soils, it was decided to attempt a test 
to simulate traffickability. It was hoped that such a test would 
provide a guide so that field data could be more adequately 
interpreted.
Initially it was intended to reproduce actual field conditions in 
the laboratory, using normal sized scraper v/heels on soil. However, 
this v;as ruled out since the control of such tests would have been 
extremely difficult and would have been hindered considerably by 
unknown boundary conditions. Larger scale tests, in effect, would 
have amounted to controlled field trials with actual vehicles, and 
would have proved too expensive. Therefore a small scale model 
laboratory simulation was envisaged.*
It was reasoned that if a constant load, rather than a constant 
rate of strain, could be applied directly to a remoulded soil until 
deformation almost ceased, this would simulate the conditions under 
which ruts would be produced. Thus, in effect, a modification of 
the one-dimensional consolidation apparatus could be used.
In the modified apparatus, the bearing plate of the oedometer was 
replaced by a prisraoidal steel block, of plan dimension 23 imn x 38 mm
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and height 25 mm which was bored to fit snugly the load transmitting 
plunger of the oedometer. The test sample was a 102 mm diameter by 
75 mm high specimen contained in a rigid mould, this size being 
determined by the geometry of the apparatus, A diagrammatic rep­
resentation of the apparatus is given in Fig.29 (p 91)#
Specimens of soil No.18, London Clay from Forest Hill, were made 
up at different moisture contents from the natural moisture content 
of the material by recompacting at modified effort." (The standard 
recompaction mould being of the same diameter but different height 
for the test moulds). Sufficient specimens were prepared in order 
to define the change in penetration with moisture content over a 
large range. Specimens were thoroughly waxed after recompaction 
and left overnight for the moisture content to equalise.
The following day the specimen was placed in the test mould and 
trimmed to size, the test surface of the specimen being levelled. 
Before the test the apparatus was balanced to account for the weight 
of the specimen and mould. The load transmitting plunger fitted 
with bearing plate was then adjusted to bear onto the specimen just 
so that contact was made, A calculated load was then applied to 
the oedometer so that the bearing pressure beneath the loading plate 
was 300
After application of the load, the penetration of the load plate 
was recorded at ten second intervals to an accuracy of 0.025 mm. 
After about 3 minutes readings were taken at 30 second intervals 
until 7 minutes and thereafter at 1 minute intervals until the 
rate of penetration decreased to a low level. The test was usually 
terminated after about 20 minutes when the rate of penetration had 
subsided to an insignificant level.
After each test, several laboratory vane tests were performed on 
each sample. Confirmatory undrained triaxial tests were also per­
formed on several samples recompacted at the same moisture contents 
as the penetration tests. Representative moisture contents of the 
test specimens were also taken.
Results of these tests enabled the moistui»e content/undrained shear 
strength relationship of the material to be determined, together
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with the undrained shear strength/penetration relationship. This 
latter relationship is illustrated in Fig,30 (p 92.) on a normal 
scale. This figure indicates a fairly gradual increase in pene­
tration until shear failure of the soil results in rapid penetra­
tion due to plastic failure of the soil. The ultimate bearing 
capacity of a rectangular footing on a purely cohesive saturated 
soil (0u s= 0) can be taken as approximately 6.2 c, where c is the 
undrained shear strength. The pressure on the plunger was 
300 kN/ra , and therefore c = 49 kN/m. Fig.50 showg that below this 
value of c the penetration of the plunger accelerates as a result 
of plastic failure.
Fig.31 (p93 ) presents the data in Fig.23 in a log-log form and 
shows it to be a straight line. So for a case of static loading, 
sinkage can be related to undrained shear strength through the 
expression;-
c =
where c = undrained shear strength
K = value of intersection on axis 
z = sinkage 
n = slope of line
4,4 Discussion of Field Observations and Laboratory Tests 
It follows from Beklcer* s work that tyre pressure must influence soil/ 
vehicle behaviour. His equation for the maximum coefficient of trac-
(lold*^^wheel) ^  simplest form
+ tan 0) (1 - m) + (p tan or) m
where c = undrained shear strength 
0 = soil friction angle 
a = soil/rubber adhesion 
Or- soil/rubber friction angle 
p ~ tyre pressure
ra = area of tyre lugs as a proportion of tyre peripheral area
If we assume a rigid wheeled tyre on a saturated clay soil, m = o
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and 0 = 0  and the maximum coefficient of traction is therefore 
related directly to undrained shear strength and tyre pressure*
Consequently, to maintain a constant coefficient of traction as 
the undrained shear strength reduces, the tyre pressure must also 
be reduced. This is a common procedure on sites, and its effective­
ness in practice has been confirmed by Dwyer et al (197^) who 
showed, under the same soil conditions, that traction increased 
when lower tyre pressures were employed*
The cone resistance in the mobility number system proposed by 
Freitag (1965) is measured in terms of stress, and it is reasonable 
to assume that this will therefore be related in some way to un­
drained shear strength. Since the mobility number is a function of 
tyre deflection, that is, the diametral compression of the tyre, 
this too must be related to tyre pressure as well as tyre carcass 
stiffness. Dwyer et al confirmed this by showing that rolling 
resistance increases with decreasing tyre pressure*
Since there are valid reasons for considering tyre pressure to be 
an influence on traffickability, results observed for different 
tyre pressures can be considered separately. Thus the general 
form observed in the laboratory results in Fig,30 has been applied 
to the observations for the two different tyre pressure ranges of 
240 to 310 kN/m and 340 to 380 kN/m for scrapers of struck capacity 
16 to 25 The resulting curves are shown in Fig,32(a) and (b)
(p 94) their line relying primarily on the remoulded undrained shear 
strength results as guides*
The spreads of points in Fig, 32 is large, and the curves pre­
sented are very general mean upper limits. These curves cover a 
large number of soil types, each of which probably behaves in 
different ways under wheel loading. This is indicated by the par­
ticular undrained shear strength behaviour of soils in Fig,6 (p 35)# 
AdditionaH,ly, this is indirectly confirmed by Norman (1963). He 
indicated that in order to maintain a haul road at a constant 
rolling resistance (equivalent to a fixed depth of rut), it was 
necessary to accept a certain percentage of stoppages for each 
inch of rain that fell, Norman examined only two broad groups of 
clays, but it appears from his results that for the same amount of
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rain the clay group with a. higher mean L.L# would have less stop­
pages. This could be interpreted to mean that a higher rolling 
resistance could be tolerated for soils of higher L.L*, and hence 
deeper ruts. This would follow from Fig,6, since higher moisture 
•contents are required for soils of higher L.L. to reduce them to 
the same strength. At the moment however, there is little practical 
data to malce this a positive assertion,
A number of other factors are probably contributory to the spread 
of points in Fig.32(a) and (b). These have been borne in mind when 
drawing the proposed curves. In relation to the materials trafficked 
these include inconsistent voids and variations in compaction received 
by soils on different sites. This will to some degree be reflected 
by the size of sample tested, 38 mm diameter samples were used for 
practical reasons due to the restricted conditions under which they 
had to be taken. The vane sampler again only tests a small area 
of soil, Rov;e*s work on sample size related to soil fabric for 
natural soils would indicate that the bigger the sample the better#
In the ideal situaticai one would therefore have preferred larger 
samples which would better take into account the macro-fabric of 
the soil as fill. Table 6 (p 90 ), in addition to giving test 
results, also gives values of remoulded undrained shear strength 
that could be predicted from a knowledge of the moisture content 
and L.L, using Fig,17 (p 64), The asterisked values show large 
discrepancies between predicted and test values, and this may in­
dicate the presence of voids in the fill, A further influence on 
the results obtained is that the depth of soil which is influenced 
by the vehicle wheels may not be uniform in composition, thus 
rutting may terminate on encountering a firmer soil#
Factors influencing the spread in Fig# 32(a) and (b) which are 
attributable to the machines include variations in payload, 
variations in spread, engine gear engaged and competence of 
driver. Additionally, vehicles of different ages have differing 
efficiencies, and altitude also affects the engine efficiency.
The different grade resistances of sites also probably contributes 
a minor influence, as do minor differences in tyre pressure.
Ideally it would be desirable to separate the above influences, 
but the restricted amount of data available does not permit such
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an approach. There is a definite need for positively controlled 
tests to establish vehicle behaviour, but of course these would 
be extremely costly. Figs, 32(a) and (b) therefore provide only 
a tentative mean upper limit (worst case) guide to vehicle beha­
viour at different tyre pressures.
The field results are not as readily, analysed as the simulated 
laboratory test when the observed and laboratory results are com­
pared on a log-log plot as in Fig, 33 (p95 )• The field results 
cannot be summarised by a single straight line, and are only 
inaccurately summarised by two straight lines, an apparent change 
of slope occurring at an undrained shear strength of about 90 -11 0  
IcN/ra^ * The slope of the portion at high strengths could be 
parallel to the result of the laboratory test, but the data is 
too inaccurate for this to be made a valid proposition. This 
figure does indicate however that there is a tendency to an un­
drained shear strength at which rutting is nil, and this appears 
to be at between 200 and 300 kN/m^, depending on tyre pressure*
The differences between laboratory and field results may be due to 
the dynamic horizontal movement of plant as opposed to the zero 
horizontal movement in the test. Wheels may sink until the area 
of wheel in contact with the soil increases so that traction may 
be gained. Large, wheels and tyres therefore, may be more efficient 
than small, in soils that produce deep ruts. This is because the 
rolling resistance is less for larger v/heels, and there is greater 
facility for the bearing surface between tyre and soil to increase 
as the ruts are forming. It is to be concluded therefore, tliat 
the type of laboratory test undertaken here has only limited 
application to the problems of traffickability, because of its 
static horizontal element.
Figs. 3 2(a) and (b) show that once the undrained shear strength falls 
below about 100 kN/m to 120 kN/m (depending on tyre pressure) 
small reductions in strength result in increasingly larger rutting. 
Plastic failure eventually occurs when the tyre pressure exceeds 
about 6c, after which rutting appeal's to ’accelerate*. This 
acceleration in rutting corresponds to similar behaviour observed 
in the simulated test in Fig. 30. The ultimate bearing capacity 
of a soil beneath a horizontally moving wheel loading is therefore
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considered to be in the same vicinity as that for a rectangular 
footing. However, for reasons previously discussed, and since 
the pressure transmitted to the ground by a tyre is less than 
the inflation pressure, because of tlie supporting effect of the 
tyre carcass, the point of ultimate bearing capacity failure is 
elusive. Further data is required to define such behaviour.
The increasingly larger rutting that can result from small changespin undrained shear strength at values below about 100 kN/ra to 2
120 IcN/m can partly be explained by the influence of moisture at 
these strengths. Fig.4 (p 31 ) shows that below these values small 
decreases in strength correspond to large increases in moisture 
content. This effect becomes more pronounced at the lower strengths, 
Consequently, in fiOls of low strength, wet weather, whilst it may 
not significantly decrease undrained shear strength, may result in 
excessive rutting requiring the suspension of works. But in fills 
of h i ^  strength, the effect of wet weather will produce less 
severe increases in rutting, and work may continue. This is an 
important point, for it indicates that there is a need for an 
undrained shear strength criterion to ensure that plant can work, 
in addition to the need for a minimum strength to ensure embankment 
slope stability.
Obviously much further field information is required to justify the 
tentative trends indicated. Meanwhile the suggested relationships 
for rutting appear to depend on tyre pressure, amongst other factors, 
From Fig ,32 it can be seen that at a particular undrained shear 
strength reducing the tyre pressure also reduces rutting. The 
explanation of this reduction in rutting can be given in simple 
terms of
contact pressure = SleT?c'StS'^^ea '
For the same wheel load, an increase in inflation pressure causes 
a decrease in the tyre contact area and increases the contact 
pressure. Consequently the wheel with the highest tyre pressure 
will impose higher stresses in the near surface soils than the 
wheel with the lower tyre pressure. In the same soil the greater 
stress will be synonymous with a greater strain and a larger de­
formation will therefore result. Fig,32 therefore explains why the
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common site expedient of reducing tyre pressures in soft soils is 
effective in increasing trafficlcability.
Small and medium sized vehicles generally carry less load per tyre 
than larger vehicles (see Table 7, (p 166) for typical maximum loads 
of some plant), and therefore tyre pressures are generally lower.
Both these factors indicate that wheel rutting will be greater for 
heavier machines with higher tyre pressures, and this has been 
observed in the field. Again if tyre pressure is kept constant on 
a wheel, and wheel load is increased then the contact area must also 
increase. Because the tyre contact area is greater, the contours 
of stress distribution, (pressure bulbs),will extend to a greater 
depth below the contact area, and more soil will be stressed to the 
ssone degree than would be for a wheel under lesser load. Consequently 
rutting would be expected to increase.
At the moment the T.R.R.L. are reanalysing the results obtained by 
Farrar & Darley (1972), in an attempt to isolate the influence of 
plant size on rutting. For the reasons given above, it is more 
than probable that their results will indicate that larger plant 
produce greater ruts than smaller plant, since smaller plant are 
lighter, and as can be inferred from Fig.32(a) and (b), since the 
larger vehicles generally have higher tyre pressures.
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Rut
No.
P.L.
%
L.L.
%
Insitu 
m.c ./o Rut depth mm
Rcu at insitu m.c. kN/m^
Measured
PredictedTriaxial Vane
Medium to Heavy Scrapers
1 15 30 15 180 73 - 80
2 16 31 18 280 55 36 38
3 13 25 14 300 53 - 70
4 14 26 14 330 42 - 8o*
5 2 1' 57 27 380 42 40 35
6 20 51 21 400 63 52 8o*
7 14 25 14 320 27 31 70
Medium to Light Scrapers
8 16 27 14 260 47 35 8 3* •
9 16 29 19 420 18 30 20
10 17 26 19 550 13 15 17
11 18 46 27 600 18 17 18
* Considerable difference between predicted and measured values. 
Rcu “ remoulded undrained shear strength.
.TABLE 6 : RESULTS OF TRAFFICKABILITY OBSERVATIONS WHERE
TRIAXIAL RESULTS ARE AVAILABLE.
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MOVEA&LE
RIGID
DIAL GAUGE
SPRING
LOAD PLATE
125mm X 38mm x 26mm HIGH
s p e c im e n
102 mm X 73 mm HIGH
SCALE
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5.0 TRAFFICKABILITY CRITERIA
5.1 Factors Influencing the Choice of Traffickability Criteria 
The preceding chapter has shov/n that tmdrained shear strength and 
tyre pressure affect the traffickability of plant because of their
influence on rutting. Weaker soils were found to be more sensitive
to the formation of ruts because a small decrease in their strength 
corresponds to a large increase in moisture content. Also it appears 
that in soil of a constant undrained shear strength, an increase in .
tyre pressure would produce deeper ruts. This latter point implies that
heavier plant is likely to cause deeper ruts than lighter plant, unless 
it operates at substantially less than its maximum carrying capacity.
The need to define the limiting soil conditions within which plant can 
work has not been clearly recognised in the past, possibly because of 
the smaller plant that was generally employed, coupled with less inten­
sive rates of working. However, in recent times, the tendency'has been to 
increase machine size at the expense of manpower in order to gain more 
economic returns. Whilst in some countries the use of these larger 
machines has been successful, in the more temperate and wet climate of 
Great Britain they have increased potential traffickability problems.
The knowledge that %arge plant working on weak soils can cause prob­
lems indicates a need to define suitable working limits for different 
types of plant. In the same way that one would design a building foun­
dation to suit particular ground conditions, one should relate the type 
of plant to be used in earthworlts to the ground conditions. At present 
it is not general practice to analyse soils conditions to see if they 
are suitable for certain plant types.
Part of the blame for problems that have been experienced with plant 
must lie with the irrational application of the 1,2 x P.L, criterion.
In chapter 3 it has been shown that such a criterion cannot apply in 
certain circumstances. The 1.2 x P.L. criterion only summarises very 
broadly the general behaviour of remoulded soils when they have an 
average undrained shear strength of 40 kN/m^, In the particular case 
it was shown that this criterion cannot apply. Even if such a criterion 
could be accepted it has been shown that where a greater/lesser remoul­
ded strength of fill was required so that plant could work (or to ensure 
embankment stability) the 1.2 x P.L. criterion would need to be corres­
pondingly lowered/raised in order to maintain the same degree of
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traffickability. Thus rigid application of such a criterion has fre­
quently in the past led to many vehicles becoming bogged down.
A recent example illustrates the pitfalls of employing this criterion 
to Inappropriate conditions. On the recent contract 3 of the M11 
London to Cambridge motorway (1975) a large part of the earthworks 
were in boulder clays of low plasticity. In the earthworks specifi­
cation the moisture content limit was set at 1.2 x P.L. However, 
scrapers such as T.S.24*s were soon becoming intractably bogged down as 
a result of repeatedly trafficking these soils. Conditions became so 
bad that eventually the allowable moisture content had to be reduced to ; ".i
20%, about 1.0 X P.L., in order to ensure reasonable efficiency in the 
earthworks. This situation could have been predicted, as Fig.l4 (p 6l) 
shows. Where trafficking plant required a strength of 40 kN/m (T,S,24*s 
actually require more), the necessary limit would be about 1,0 x P.L,, 
for soil with a P.L. = m.c. = 20%.
Many factors affect the traffickability requirements of plant but it 
appears that undrained shear strength is a highly influential factor.
At present, there is not a large amount of data on the actual behaviour 
of trafficking plant.However, the data which is available, as indicated by 
Fig. 32(a) and (b), offers a crude guide to plant behaviour.
The field observations made in part 4,2 of the preceding chapter, and 
the data presented in Table 6 (p 90) indicate that, if large ruts can 
be tolerated, plant can work and manoeuvre on very weak soils. Assuming 
that such ruts can be tolerated, it is obvious that efficiency must de­
crease as rut depth increases, since there is a corresponding increase 
in rolling resistance and decrease in soil/rubber adliesion. Practically, 
there must be a depth of rut which represents a level of efficiency be­
low which it would be uneconomic to descend.
As a result of the observations made by Farrar and Darley (1972), the 
T.R.R.L, produced a leaflet (L.F.^IO, Anon 1975), in which some data was 
presented concerning the effect of average rut depth on the average 
speed of operation of one type of scraper. The results quoted relate to'Za loaded twin engined scraper of struck capacity l8m , that is, a medium
1. From conversations with the Consulting Engineers: •
Wa S, Atkins & Partners. (The author loiov/s of other instances)
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to large scraper. These results are presented in Fig.34- (p1l8)@ It 
is considered that speed is much less a function of soil resistance, 
and more one of haul length and operator preference, when there is 
no rutting. Consequently if the points for zero rutting on Fig,34 
are ignored, a reasonable straight line relationship between average 
speed and average rut depth can be proposed.
If this straight line is extended it produces an intercept of about 
200 ram for plant immobility. Since plant have been observed to operate 
in ruts of up to 400 mra before coming to a stop, the extended line on 
Fig.34 may be a simplification, A more probable relationsliip might be 
a curve tending to be asymptotic to a speed of zero. Fig.32 (p 94) 
would also infer this. Additionally site observations suggest that 
medium to large scrapers can operate reasonably well without undue 
assistance at rut depths up to 275 mm, Farrar and Darley (1972) have 
observed that at rut depths above 230 mm they consider assistance 
necessary. It is therefore suggested that the limit of scraper 
traffickability will occur when ruts of between 200-275 mm are being 
produced.
Although it is frequently more economic to Iceep plant operating when 
ruts become very deep, rather than to stop work in the hope that bad 
weather will abate or evaporation improve, there are obvious drawbacks. 
Efficiency is inevitably impaired by working in such conditions.
Firstly, as Fig,34 shows, the average speed is reduced and this leads 
to slowing down losses on the haul cycle. Additionally there are losses 
due to increased rolling resistance, which Norman (19&5) indicates is a 
consequence of decreased average haul speed, Norman's data lias been 
plotted for three different plant types in Fig,35 (p119)@ These curves 
are of a general nature since they were obtained from different sites 
with different soil conditions. From Fig 35 it would appear that once 
the average speed of a twin engined scraper falls below about 13 Km/lir 
(corresponding to ruts of about 60 mm on Fig,34) there are large in­
creases in rolling resistance.
A second reason for losses in efficiency may be the inability to employ 
plant at its full capacity. If it is necessary to reduce tyre pressure 
in order that larger plant do not produce excessive ruts, the payload 
must also be reduced. This is because tyre manufacturers recommend 
reduced tyre loads at reduced inflation pressures, in order that
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excessive flexure of the tyre walls does not occur. Some typical 
permissible loads for such tyres are given in Table 7 (p 116). The 
replacement of damaged tyres can be extremely costly, particularly 
when poor soil conditions are being encountered, since in such cir­
cumstances, larger wheels tend to be used because of their increased 
tractive.characteristics and reduced rolling resistance* The use of 
lighter plant in these circumstances is seen to be beneficial since, 
because of their greater tolerance to rutting, at lower tyre pressures, 
their carrying capacity need not necessarily be reduced.
Norman (I963) has indicated that the percentage of time lost per inch 
of rainfall (the susceptibility) depends on the plant type employed 
as well as the soil conditions. In order to maintain a low rolling 
resistance, which as Fig,35 shows will enable plant to work faster, 
there is a particular susceptibility which it is necessary to accept.
The alternative is to allow rolling resistance to increase and accept 
losses in working efficiency. The greater rolling resistance'in soils 
with'deep ruts causes speed losses, but susceptibility falls, and 
the job is therefore stopped less often. This latter is often the more 
economic recourse, but it is considered that when ruts exceed about 
200 mm a zone is being entered within which economic advantage may be 
outweighed by practical considerations#
Since different plant types have different susceptibilities, an esti­
mate of the performance of combined fleets can be tentatively assessed 
using Norman's method. Consequently, particular plant combinations 
and types will be more suited to working in deep ruts, L,F,510 indi­
cates that for a plant combination of 3 No. twin engined scrapers of 
18 m^ struck capacity, 1 No. push loader, 1 No, Roller and 1 No, grader, 
the cost of earthworks increases by about 50% when the ruts along a 1 km 
length of haul road increase from 30 mm to 100 mra. However, it does not 
necessarily follow that the same plant combination would be equally 
desirable in both rut situations. Particularly, at greater rut depths 
the need to employ a roller might be questioned. This, hovjever, is a 
question of the desired compaction which is examined later in section 
3 .5 # Additionally, if soils data is available from the site investi­
gation stage, and this indicates the prevalence of weaker soils in 
which large ruts may occur, a more suitable combination of plant might 
be chosen initially.
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Climatic conditions of rainfall and evaporation are therefore factors 
which influence the traffickability of fill materials. These of 
course vary from locality to locality as do soil conditions. The 
desirability of employing certain types of plant in particular areas 
of the country should be examined in relation to the climate of the 
area as well as the soils.
As previously indicated, soil type is likely to influence the extent of 
rutting* A large proportion of the soils encountered in earthworks 
operations in Great Britain is over-consolidated to a certain degree, 
or is equivalent to over-consolidated clays (boulder clays etc), and 
consequently does not have extremely high moisture contents. However, 
as a consequence, these soils may be more prone to deterioration in bad 
weather. Such soils can be softened to a state where they produce deep 
ruts by applying work to them in the presence of moisture. These cir­
cumstances may arise where heavy earthmoving machinery is moving over 
the formation during or after a period of rain. It is evident that in 
such circumstances only the soil in the process of being placed will be 
in a position to be softened. Ruts formed in such reworked soils may 
then terminate quickly on entering the firmer underlying layers which 
have not been weather softened. Thin layers of such softened materials 
have been accepted in embankment in the past, because they had caused 
little traffickability problems. It is necessary to ask whether 
other soils which are more traffickable, but are being rejected because 
they do not meet the 1,2 x P.L. criterion, can now be admitted to em­
bankments .
3*2 Suggested Limits of Traffickability
As a result of the above discussion , it is possible to suggest ten­
tatively the soils conditions which determine different limits of 
suitability. If a vehicle cannot operate on a cohesive material the 
material automatically, becomes unsuitable at that time. This decision 
is determined not only by the engineering characteristics of the fill 
material, but by the need to maintain economic plant operation. It is 
considered that a limit at which suspension of works would become a 
distinct possibility occurs at the undrained shear strength at which 
fully loaded scrapers just operate unassisted'on fill. Operating at 
lower strengths, severe damage to the formation is likely to result*
1 0 0
In addition to the presence of deeper ruts, the attempts of scrapers 
to extricate themselves and dozers to remove them will severeley reduce 
the quality of the fill. Therefore it is desirable to set traffick­
ability limits no higher than those at which plant can work unassisted.
It is considered that medium to large scrapers would experience vir­
tually no difficulties in trafficking on soils which produced rut 
depths less than 200 mm. At rut depths of about 2?3 mm it is thought 
that fully laden scrapers may require occasional assistance, but if 
ruts exceed this depth, continuous assistance would undoubtedly be 
required. Thus the area of marginal traffic liability would be defined 
by ruts of about 200-275 mm. Such rut depths are not thouglit to be 
excessive as it has been proved many times, in practise, that vehicles 
can traverse soil if larger ruts are allowed. In addition this limit 
is proposed for fully laden vehicles. Vehicles with lighter loads 
should have greater manoeuvreability and experience less difficulty 
in ruts of about this depth.
Although light to medium sized scrapers have been observed working in 
ruts of up to 600 mm, it is considered that similar rut depths would 
define the behaviour of these plant. This is because in general such 
vehicles have smaller wheels which, in very deep ruts, increase %'olling 
resistance and reduce manoeuvreability. Hoi'/ever, because of their 
lighter weight, they will be able to work on weaker soils. Thus the 
soils suitable for unassisted trafficking will produce ruts less than 
200 mm, and those unsuitable for trafficking, ruts of 275 mm or more*
Using Fig. 32 (p 94) these traffickability limits can be related to 
the mean upper values of undrained shear strength required of soils 
for the two scraper groups considered. From this figure it can be 
seen that for tyre pressures h4o to 310 Idl/m^, soils with an undrained 
shear strength of 60 IcN/m^ or more would be suitable for trafficldng, 
and soils with a strength of K^) kN/m^ or less would be unsuitable for 
trafficking. For tyre pressures of 340 to 3 8O kN/m^ the respective 
figures for suitable and unsuitable would be 80 Wf/m^ ^nd 60 kN/m^* 
Table 7 ( p H 6) sumnarises these limits. The maximum load per tyre 
that plant such as scrapers would be expected to carry at these tyre 
pressures is also included in the table, (the data is talcen from 
manufacturer's liandbooks)*
101
The tyre pressure ranges can be expressed in terms of xmdrained shear 
strength at these proposed limits* Thus for vehicles operating at tyre
pressures of 240 to 310 ikN/m^  the lower limit of traffickability, 402 2 kN/m , could be expressed as 6c to 7.75 c. Similarly^ the 60 kN/m
lower limit for tyre pressures of 34o to 38o kN/m^ would be 37 c to
6.3 c. These ranges correspond resonably to those for the ultimate 
bearing capacity failure of foundations. Although the actual pressure 
transferred to the ground will be less, because of the strength of the 
tyre carcass, it is apparent that the proposed limits also correspond 
to ultimate failure beneath the tyres. Thus the desirability of re­
stricting ruts to less than 275 mm is confirmed, since plastic failure 
is likely to occur above this limit#
5*5 Compaction Characteristics of Deen Rutting Soils
5.3.1 Compaction and Traffickability
Although material may be usable because it can be trafficked, there is 
a general feeling amongst engineers that it is undesirable to allow 
materials which rut deeply to go into embankment. This feeling often 
centres around the knowledge that compacting such materials employing 
a method specification will be extremely difficult, if not impossible. 
Thus, even if a material can be economically excavated, transported 
and placed, acceptability may still be decided on the basis of whether 
or not the soil can be satisfactorily compacted.
The above attitudes arise from the preconceptions that compaction is 
always necessary, and that the compaction method being employed is cor­
rect, However, there are deficiencies in these arguments, and as with 
the pedantic employment of a suitability criterion such as 1.2 x P.L., 
there is a need to adopt a more rational approach to rutting and com­
paction •
One of the objects of compaction is to increase the soil strength and 
hence the stability of an embankment through increasing the density.
Often however, pursuit of density becomes an end in itself, on the assum­
ption that the achievement of a particular density will automatically 
guarantee stability. This is not necessarily so, since it does not fol­
low that the soil strength at this density will be adequate to support 
the embankment height. From the point of view of embankment stability, 
it is necessary to bring the embankment to a dry density corresponding 
to the required undrained shear strength wliich will ensure'stability.
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From the self-settlement point of view, however, it may be desirable 
to compact the soil to a low air voids content, to minimise the effect 
of settlement on the road profile.
If some compaction of an embankment is considered desirable to minimise 
the above effects, the question of degree arises. This matter is con­
sidered more fully later in the section, but some qualitative estimate 
of the compaction required in the field can be obtained from a study of 
the laboratory compaction curves. Laboratory tests performed at dif­
ferent efforts on the same soil show that the higher the compactive 
effort the higher is the maximum dry density, and the lower the optimum 
moisture content. This is a matter of common knowledge. Although the 
optima at these efforts differ, the portion of each of these curves that 
is wet of optimum tends to merge into a single line. This indicates that 
for any given moisture content, there is a maximum degree of saturation 
which can be obtained regardless of the compactive effort expended. There 
is also therefore, a maximum dry density that can be achieved for a par­
ticular soil at any given moisture content. It also folloi-;s from this 
family of compaction curves that employing a low compactive effort at 
the wetter moisture contents will be just as effective as employing a 
higher effort. In fact it has been demonstrated by many workers that 
wetter soils require less compactive effort to achieve stipulated air 
voids (Soil Mechanics for Road Engineers ( '1964 ) and Farrar (19?^) 
amongst others)).
On the dry side of optimum the material is stiffer, and more of tlie 
energy of the compaction equipment goes into compressing the soil. In 
this region increased compactive effort is sometimes beneficial. How­
ever there is no such benefit wet of optimum because the wetter material 
is soft and the shear stresses imposed on the soil are often greater 
than the shear strength, so that the compaction energy is dissipated . 
largely in shearing the compacted material rather than in increasing 
the density. Therefore, increasing the compactive effort is generally 
only effective on the dry side of optimum. In fact, less effort will 
often be satisfactory in soils on the wet side of optimum, and it is 
unnecessary and wasteful to employ the same amount of compaction to 
both wet and dry soils.
The pursuit of a high density in a wet soil is irrelevant, and it is 
understandable that such attempts results in compaction difficulties,
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since often heavy compaction plant imsuited to weak soil conditions 
is employed. As the compaction of a cohesive soil proceeds, there is 
a progressive decrease in both air voids and total voids, and a con­
sequent reduction in permeability. If compaction is continued after 
air voids of about 5%have been reached, the compaction energy must be 
dissipated in trying to force out the water, since there is little air 
to be dispelled. However, at a given moisture content the permeability 
is at its lowest when the soil has a minimum of air voids, and there is 
little possibility of forcing out much water dynamically. Therefore it 
is unlikely that such intense compaction of wet soils in the field 
will be of overall benefit to an embankment since little increase in 
density is likely to be obtained. Consequently there will be little 
increase in soil strength above a certain value, and subsequent self­
settlement of the fill is unlikely to be reduced. Rather, because of 
the low permeability, excess positive pore pressures may be generated 
as a result of this over compaction, which could subsequently endanger 
embankment stability. Such a situation is contrary to the original aim 
of compaction.
That difficulties often occur, in the attempted compaction of wetter 
soils is not surprising since engineers frequently attempt to employ 
the same degree of compactive effort to the same soil at widely- 
differing moisture contents. The indications are that the application 
of a uniform method specification is potentially hazardous, since there 
is the danger of over compacting at the v/etter moisture contents. 
Additionally, as described below, cohesive soils with different index 
properties may require different efforts to reach the same state of com­
paction.
Because traffickability is reduced in the weaker soils, it is considered 
that not only should such soils receive restricted compaction, but also 
that they are capable of taking only restricted compaction. Nevertheless 
such soils may be adequate for embankments sünce their undrained shear 
strength may be sufficient to ensure stability, and their self­
settlements may be acceptable. An advantage of applying restricted com­
paction is that the process of consolidation will be less hindered. Con­
solidation allows pore pressures to dissipate, whereas over compaction 
may increase them. An increase in soil strength also results with time 
as the consolidating weight of the fill reaches equilibrium with the 
density of the fill.
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It is therefore considered that compactive effort should be related 
to the moisture content of the fill, a general impression of which 
can be obtained at the site investigation stage. In chapter 3 it was 
shown that the moisture content is directly related to the remoulded 
undrained shear strength of a soil. Therefore, ideally, the type of 
compaction plant employed also should be related to the,strength 
of the fill we wish to use. Lighter plant may then be appropriate.
In fact, the application of compactive effort is a special case of 
traffickability.
It is intended here to discuss briefly some aspects of compaction by 
rubber tyred vehicles. A full assessment of the compaction of weak 
soils is beyond the scope of this thesis, and indeed there is a con­
siderable lack of knowledge on the subject. Further research would be 
welcome but would undoubtedly involve extremely costly field trials.
It is considered that a certain degree of compaction of the weak soils, 
i.e. where construction plant is producing ruts of between 273
may be feasible. However, at present the larger road construction con­
tracts are geared to large compaction plant, and as a result these types 
of plant may not be able to provide any modicum of compaction because 
of traffickability problems.
Tyred compaction plant are generally preferred on sites because they 
are more agile and speedier than tracked vehicles or steel wheel 
rollers. Beneath the tyre, compression and deformation occur in all 
directions simultaneously, whereas beneath the roller only vertical com­
paction occurs. Rubber tyred rollers also provide a more uniform com­
paction than steel wheel rollers, since bridging is avoided and the 
wheels follow the ground contours. Additionally rubber tyred compac­
tion plant is more adaptable, since the wheel load, tyre pressure and 
contact pressure on a single item of plant can be changed, but only the 
linear contact pressure can be changed on steel wheel rollers. Con­
sequently rubber tyred compaction plant can adjust to changing conditions 
of traffickability, but overall size, i.e. weight, may still hamper their 
use on the wetter soils.
As indicated in chapter 4 wheel load as well as inflation pressure is a 
contributory factor affecting traffickability. Similar principles apply 
to compaction. Inflation pressure controls the degree of compaction at 
any particular depth, because it influences the contact area and stress
103
distribution beneath the tyre. Wheel load, however, controls compaction 
depth since it determines the actual magnitude of the stress beneath the 
contact area.
Banaschek and Fischer (1965), among others, have shown that tyre pressure and 
wheel load influence the compactive effort (number of passes) required to 
produce the same compacted condition in a soil. They compacted a soil with 
a moisture content close to B.S. optimum, to within 97% of thé B.S. maximum 
dry density. For different tyre pressures they measured the number of passes 
required to achieve this state. Comparative results for two different 
wheel loads, and at two different depths below the compacted surface were 
obtained. These results are shown in Fig. 36 (p120). The results confirm 
that more passes of a lightly loaded tyre will be required to achieve a 
specified density, irrespective of tyre pressure, and that increasing the tyre 
pressure reduces the number of passes required to achieve a specified density 
irrespective of wheel load. Additionally they showed that the number of passes 
required to produce the same density at a deeper level was much greater when 
low tyre pressures were employed.
Similarly Johnson and Sallberg (196O) concluded that for the same number of
passes, increasing the tyre inflation pressure without corresponding increases
in wheel load will result in compaction being concentrated near the surface.
This is because the contact area under the tyre will be reduced if the tyre
pressure alone is increased. Increasing the wheel load together with the
tyre pressure was however considered to increase the compaction at depth.
••
It follows from the work of Banaschek and Fischer that compaction plant of low 
weight operating at low tyre pressures can achieve similar results to heavier 
plant with higher tyre pressures, if a greater number of passes is accepted. 
However, wet of optimum it may not be necessary to increase the.number of 
passes significantly, since in this region successive increases in the number 
of passes would theoretically produce reducing gains in increased density.
This effect has also been confirmed in the field by Turnbull and Foster (1957) 
of the Waterways Experiment Station.
Turnbuill and Foster compacted a silty clay, details of which are given in Table 
8 (p117), at different moisture contents using the same vehicle at different 
tyre pressures and observed the effect of increasing the number of passes.
Their results for three different moisture contents, presented in Fig. 37 (p12l),
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confirmed that increasing the tyre pressure has a greater effect in in­
creasing density dry of optimum moisture content, taut that this benefit 
decreases rapidly wet of optimum. Similarly increasing the number of 
passes of the roller has little increased effect wet of optimum.
The double influences of tyre pressure and wheel load on compaction 
behaviour have been demonstrated by field trials using different compaction 
plant. These have been reported by the Waterways Experiment Station (1956)
(as reported by Johnson and Sallberg (I96O)), by Turnbull and Foster (195?) 
and by Lewis (1959) of the Road Research Laboratory.
The 1956 work at W.E.S was conducted on a soil very similar to that used 
by Turnbull and Foster, details of which are given in Table 8 (p117). Wheel 
load and tyre pressure were varied and the effects of compacting the soil 
at different moisture contents after eight passes was reported* This work 
shows clearly that, increasing wheel load and tyre pressure reduces the 
optimum moisture content for plant operation but increases the maximum dry 
density obtained. Fig. 38 (d) (p122) illustrates these influences.
Turnbull and Foster also reported the effect of different tyre inflation 
pressures after compacting for eight passes using a vehicle of unchanging 
weight. Their results are shown in Fig. 38 (c). Figs. 38 (c) and (d) 
can be compared superficially because there is only a small difference in 
soil type, see Table 8 (p117)« These two figures indicate that the movement 
in the position of the optimum point can be as significant when tyre 
pressure alone is increased as when both tyre pressure and wheel load are 
increased.
In this country Lewis (1959) carried out some tests similar to those at the 
W.E.S on a heavy clay and a sandy clay, but using different plant types.
Details of the soil types used and vehicle characteristics are given in 
Table 8. Each of the two soils investigated were subject to thirty two passes, 
and the resulting compaction curves for the plant are reproduced in Fig. 38 
(a) and (b).
Although Lewis's results are of limited practical application, because they 
refer to thirty two passes of'the roller, which is extremely uncommon in 
practice, Figs. 38 (a) and (b) illustrate again the distinct influence that 
variations in either tyre pressure or wheel load have .on the optimum compaction 
conditions for plant.
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Fig. 38 also confirms that soil type influences the field compaction 
characteristics of plant. This is directly observable between Figs. 38 
(a) and (b) where the same compactive effort results in a higher optimum 
moisture content and lower maximum dry density for the soil with the higher 
L.L. This appears to be true for different compactive efforts. Un­
fortunately Figs. 38 (c) and (d) cannot be used to corroborate this influence 
because of the different tyre pressures and wheel loadings used. Neither 
can these effects be detected between Figs. 38 (c) and (d) because of their 
similarity in L.L's (only 1% difference). Nevertheless comparing Figs. 38 
(a) and (b) with Fig.23 (p?0) suggests that a family of relationships 
similar to Fig. 38 are probable for different cohesive soils. Consequently 
laboratory behaviour as indicated by Fig, 24 (p7l), where for near-saturated 
soils there is a regular decrease in maximum dry density with increasing L.L, 
may be mirrored in the field by different compaction plant.
The implication of Fig, 38 is that for a soil at a particular moisture 
content there is a minimum tyre pressure which will ensure compaction to a 
certain air voids content. Since for a particular soil at a particular 
moisture content there is an upper value of dry density that can be obtained, 
there is also a minimum tyre pressure that is required to produce this 
highest dry density. Fig, 38 shows that as the moisture content of a 
particular soil increases, this minimum tyre pressure can be reduced.
This figure also shows that wet of optimum there is no significant increase 
in the air voids as a result of reducing the tyre pressure. Operating at 
a lower pressure also reduces the danger of generating excess pore pressure 
since there is less risk of over compacting the soil.
If the tyre pressure on compaction is reduced to the minimum value required 
for a particular soil moisture content, traffickability will also improve, 
as shown in Chapter 4, and, as indicated by the curve of Fig. 32 (p94), the 
extent of rutting will also be reduced. Therefore on weaker soils this 
procedure can result in a similar degree of traffickability to that on less 
wet soils being maintained. The required compactive effect may still be 
obtained in this situation without any significant increase in the number of 
passes. If smaller compaction plant with low tyre pressures replaces larger 
plant with higher tyre pressures this does not necessarily mean that a greater 
number of passes will be required either. For as Fig. 38 shows, as long as the 
moisture content of the fill is wet of the optimum point for the lighter plant,
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the compaction obtained will be approximately the same. The results 
of Turnbull and Foster, Lewis, and some results quoted in Soil Mechanics 
for Road Engineers, indicate that wet of optimum, generally about eight 
passes are required before densities begin to approach a condition of 
maximum obtainable density.
As an example of employing the concept of minimum effective compaction,
suppose we wished to place the soil represented in Fig.38b in embank-
ment when its strength was at the 6o kN/m limit of traffickability.
This soil has a L.L. of 40%, and Fig.24 (p 77) indicates that the
requisite dry density for such a soil at less than 3% air voids would
be about 1.72 Mg/m^. At this density Fig,38(b) indicates that we
would be on the wet limb of the lightest compaction plant (12 tonne)
tested by Lewis. This item of plant, as Table 8 shows, had a tyre pres-
sure of 248 kN/m , that is less than the tyre pressure range (34o to 2380 kN/m ) at which medium to heavy plant would produce ruts of 273 ™  
or so. Additionally a comparison of Table 8 with Table 7 (n 116)shows 
that the wheel load of this item of compaction plant is much less than 
the maximum wheel load permissible on medium to light construction plant. 
.Fig. 32 (pÇ4) indicates that medium to light plant at 60 kN/m^ would pro­
duce ruts of about 200 mm. However, since the compaction plant has 
lighter wheel loads than this, rutting would be expected to be less than 
200 mm, perhaps of the order of about 1 5 0mm for reasons discussed in 
chapter 4# Such an item of compaction plant would therefore be adequate 
if ruts were filled as compaction proceeded. Heavier plant with higher 
tyre pressures would be undesirable and probably troublesome to operate 
because of the high rutting they would cause.
The same exercise can be performed with the soil represented by Fig.3 8(a),2which has a L.L. of 75%«> However, this time the dry density at 60 kN/m %is 1 .4 3 Mg/m"  ^and occurs well down the wet limb of the lightest compac­
tion plant Lewis tested. Thus it appears that even lighter compaction 
plant with lower tyre pressures could be employed to the same effect 
as larger vehicles on soils with high L.L's. Consequently such com­
paction plant would produce rut depths which might be substantially 
less than 13O mm.
To a broad approximation, the analyses of compaction results in section 
3 ,2 .3  indicate that the optimum moisture content of a soil at a given 
compactive effort may be related to the P.L, Fig,23 (p72 ) shows that
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there is a tendency for the optimum moisture content to increase as the 
P.L. increases. It has also been shovm that the L.L. directly in­
fluences the diy density that obtains at the optimum moisture content. 
This is illustrated by Fig.2.4 where, with increasing L.L., the dry 
density at the optimum moisture content is seen to decrease. Additio­
nally, wet of optimum, the dry density required to produce a particular 
undrained shear strength decreases as the L.L. increases.
Clearly therefore, if a certain undrained shear strength is required in 
an embankment, lower dry densities are satisfactory for soils with a 
higher L.L. than would be acceptable for soils of low L.L. However, 
these lower dry densities need not cause excessive ruts, since the soil 
strength is unchanged, and Fig32 indicates rutting to be strength 
dependent. In fact adequate compaction may be achieved in soils of 
high L.L. by using smaller compaction plant and lower tyre pressures, 
since the required dry density is lower than that for soils of low L.L. 
Less rutting would then occur.
In a situation where a higher strength of fill is required, Fig.24 in­
dicates that, for a soil of a given L.L., the minimum required dry den­
sity would also increase. Consequently, if the optimum point of the 
compaction plant employed has a lower maximum dry density than the re­
quired value, it may be necessary to increase the tyre pressure or in­
crease the size of plant. However, rutting need not increase due to 
this increased tyre pressure, since the fill is at a lower moisture con­
tent and a higher strength (cf Fig .3 2 ).
It is therefore considered that the attitude to be adopted to soils 
wet of optimum is to employ only the minimum compactive effort neces­
sary. It has been demonstrated that the higher the moisture content 
the lower the required compactive effort, to obtain a similar state of ~ 
compaction in a given soil. For different soils it has also been shown 
that the higher the L.L, the lower may be the compactive effort required 
to bring the soils to the same state. Fig,2.4 may provide a means of 
checking the required end result of compaction for different soils.
If plant can place soil when operating at a given tyre pressure, com­
paction plant should also be able to do so, but in fact lower tyre 
pressures'on the compaction plant may be perfectly adequate for some 
soils. It is interesting to note that the optimum conditions Lewis
•no
obtained from the lightest (12 tonne) pneumatic roller he tested 
corresponded closely with those obtained in the laboratory B.S, com­
paction test as Fig . 38 shows. With further research it might there­
fore be possible to correlate laboratory compaction tests at different 
efforts with the behaviour of different types of plant in the field.
It might follow from the above arguments that soil which had a strength 
that met with traffickability requirements, but which had a high L.L# 
and a high placement moisture content might require such light compac­
tion that none at all would suffice. This appears to be a feasible 
argument, since, as discussed in section 3.2.3., such a soil would in- 
ately have very low air voids, and its malleability would preclude the 
inclusion of air pockets. Therefore little compaction would be required, 
theoretically, although some small amount might be desirable to ensure 
uniformity within the embankment#
One detailed instance of an embanltment being constructed without any 
compaction plant has been reported by McLaren (I96 8), This involved 
a trial embankment of boulder clay placed at a moisture content at which 
construction plant could just operate (strength not quoted). The 
trafficking of this plant provided the only available compaction. How­
ever, it is knov/n that other soils, which were too wet for compaction 
plant to work on, have been placed successfully in the past, usually 
in low embanlcnents which do not require a high undrained shear strength 
for stability. In these instances it is difficult to achieve a stan-' 
dard degree of compaction, since again trafficking plant provides the 
only available form of dynamic compaction.
As noted above,soils of high L.L, acceptable in embanknent at a high 
moisture content may require only a minimum amount of compaction. 
Uniformity in such embanlonents may be obtained by employing tracked 
plant which provide a more even distribution of load,and over a larger 
area than wheeled vehicles,and therefore a small degree of almost uni­
form compactive effort. Tracked vehicles have the advantage that they 
tend to consolidate rather than disturb the ground. It may even be 
possible to use the larger vehicles with wider treads, since the larger 
machines tend to transfer a lower pressure to the ground. In Scandinavia 
this method of nominal compaction has been used quite successfully for 
several earth dams. In these instances the weight of the embankment 
provides some static compactive effort, but time, which may not aiv/ays
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be available in modern engineering works, must be allowed for consolida­
tion to occur.
It has been shown that the choice of appropriate compaction plant can 
mean that some compaction of traffickable soils, the limits of which 
are proposed in section 3.2., can be achieved. It is therefore con­
sidered that a more rational approach should be made towards compac­
tion, and that the adoption of such an approach would alleviate some 
of the fears engineers have towards soils which rut deeply.
3.3«2 Compaction and Settlement
Another reason vjhy some engineers are averse to allowing deep ruts in 
fill material, is that they fear differential movements within the 
embankment. The two aspects of this fear are that the ruts themselves 
are focal points for voids, perhaps because they are not properly fil­
led before subsequent layers are placed, and that restricted traffick­
ability may allow only a reduced compaction which may not be sufficient 
to drive the air out of the soil. This latter is often considered a 
distinct possibility where end tipping and spreading are being employed. 
They consider that the voids effect is compounded and that differential 
movements, which will disturb the road profile, will occur subsequent 
to construction.
One object of compaction is to remove air from the fill to a uniform . 
degree in order to obtain subsequent uniform settlement of the fill. 
There are two modes of removing air from fill. Firstly, there is the 
closing of the lump voids, that is the expulsion of air trapped between 
dumped clods. In the drier soils not only are there air voids in the 
lumps of the soil, but substantial voids can occur between the lumps, 
which require a large effort to expel. This problem reduces as the 
moisture content of a soil increase. Secondly there is the expul­
sion of air from the soil pores, which results in a more compact soil 
structure.
Self-settlement in an embanlcment cannot, of course, be avoided. Irres­
pective of the placement moisture content some self-settlement must 
occur, although the wetter the soil the higher the total self-settlement 
of the fill, as indicated in section 3.4 and as discussed in chapter 6 ,
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Consequently, in general, the more important point with regard to self­
settlement and compaction is the avoidance of differential movements.
In some instances, embanlcments with central structures for example, 
total self-settlement may become more important. In these cases the 
only way in which the total self-settlement can be reduced is by re­
ducing the moisture content of the fill, and not by increasing the amount 
of compaction, since wet of optimum there is a maximum dry density to 
which a soil can be brought.
It is considered that there are two prerequisities for controlling the 
fill that goes into an embankment so that air inclusions may be kept to 
a minimum, the embankment may be of uniform composition, and self-settle­
ment may be kept to a minimum. Firstly, all wealv material included in 
embankments, irrespective of the degree of compaction employed, should 
be placed in even layers. Unless this is done, there is little possi­
bility of avoiding differential movements in the embankment. A second 
important practice to be observed, when the deep ruts occur in' embank­
ment, is to ensure that these ruts are filled before the next layer is 
placed. This procedure avoids differential settlement in a layer.
Contract documents could make it the Contractor's responsibility to 
place the material in these even layers, but it is the Resident Engineer's 
duty to ensure that he does. If a Contractor does not fill the ruts, the 
engineer can either instruct him to do so, in order to comply with the 
specification, or instruct that the layer be bladed level. With these 
perogatives there is little reason for the engineer to fear internal 
differential movements•
As discussed in 5*5»2, compaction to required air voids in the weaker 
soils can be achieved with less effort. Wet of the optimum for any type 
of compaction plant there is a maximum achievable dry density at any 
particular moisture content. Therefore once air voids approach zero, v 
no additional compaction will be effective in reducing the potential 
self-settlement of the fill because of the restricting permeability of 
cohesive soils. Thus again, over compaction must be guarded against 
even though the soil still appears compressible. In fact, applying 
the minimum compaction to a cohesive soil, as described in the preceeding 
section, will be of benefit to an embankment. The consolidation process 
will then become more dominant than compaction. The process of consoli­
dation is tantamount to the application • of static effort which usually
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results in a more flocculated structure, (Seed and Chan (1959)), and
should be more effective in keeping pore pressures down#
Avoiding soils which rut deeply is not to avoid air voids, since the 
drier soils have more such voids which require more effort to displace.
In a sense,where compaction is being carried out to low air voids,the 
wetter soils have an inbuilt advantage in that the air voids are innately 
less, since water occupies a large proportion of the voids. This there­
fore points to the desirability of having less compaction on these soils, 
as has been discussed. A further reason for air content in the wetter 
fill being innately less, lies in its reduced undrained shear strength 
which makes it more malleable. Thus successive loads of such material 
are more easily compounded together, and the problem of expelling air
trapped between lumps is correspondingly reduced.
Practical experience indicates that embanlcnents can be placed success­
fully despite deep ruts. At the placement moisture contents quoted by 
McLaren (1968) rutting must have been intense. It is also known that 
in at least one case, where the procedure of rut filling was rigorously 
applied, an embankment was constructed of material that rutted to depths 
of between 400 mm and 600 mm. This embankment has been standing intact 
for some years now with no sign of differential movement#
It is therefore considered that fears of differential movements may be 
allayed by specifying the means of working, and ensuring that the con­
tractor carries out his responsibilities. Additionally, excessive com­
paction is undesirable and unnecessary . It is necessary only to place 
the soil at the density required to produce the required strength at 
the placement moisture content ,and method specifications should con­
sequently be avoided.
In fact, soil may be placed at densities lower than these, since the 
natural process of consolidation will allow the embankment fill fco 
increase in strength. Such an approach will depend on the consolida­
tion pressure which the height of the embankment will exert, but Fig.24 
presents lower bounds of density required of different soils, which 
should be considered as the maximum one would wish to produce in the 
field.
1. Conversation with a Project Manager of John Laing Limited,
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5,4 Concluding Note#
One might add that ruts of the order that has been proposed as 
acceptable in embankment at the lower limit of traffickability,
275 mm or less, must have been exceeded in embankments many times 
in the past. This is because the old 1,2 P.L, criterion has been 
shown in Fig.l4 (p 6l) to be a crude approximation to a remoulded 
undrained shear strength of hO kN/m^ which Fig.52 (p94 ) shows
corresponds to ruts of 275 mm for medium to light plant. However 
as Fig, 14 (p 6l) shows, and as discussed in section 3*2.2, soils 
of low plasticity which have moisture contents of 1,2 P.L. will 
have had remoulded undrained shear strengths much less than 40 kN/m^, 
This means that ruts greater than 275 mm must have occurred frequently, 
for example in glacial soils, and even more so where medium to large 
plant has been employed since the appropriate restricting strengthOfor 275 mm rutting for this plant is 60 Idï/m »
Indeed the author knows of at least one current motorway specifi­
cation which sets the limit of suitability at 1.2 P.L. but warns 
the contractor that some of the material at this limit may be 
untraffickable by rubber tyred plant. This material is deemed to 
be suitable for all of the embankments on the route, and although 
untraffickable, has to be compacted in the same manner as drier 
material! Thus, in many cases earthworks would be considerably 
improved by the adoption of the proposed limits, and less difficul­
ties with compaction and differential settlement experienced.
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Key to 
Fig.38 Fig. 38 Roller Weight Kg. Wheel Load Kg. Tyre Pressure kN/ra^ Number of Passes
0 12200 1350 248 32
• 20320 2260 552 32
and
A 45700 5080 620
□ b 45700 10160 620 32
+ 45700 10160 965
X 50800 345
V c 50800 - 620 8
0 50800 1034
7180 345
0 d - 11350 620 8
/Ci l 4 l 8o 1034
a) DliTAILiî ÜF COMPACTION VEHICLES
Fig. 38 LiquidLimit PlasticLimit
%
PlasticIndex Optimum
%
Max. Dry % Mg/ra5 Compaction
a 75 23 52 2 2 .714.6
1.595
1.905
1. B.S.
2. Hod.AASHO
b 40 20 20 16:411.8
1.755
2 .0 30
1. B.S.
2. Mod.AASHO
0 38 25 13 16 .6 1 .720 1. B.S.
d 36 21 15 17 .7
13 .5
1.725
1 .8 80
1. AASUO
2. Mod.AASHO
b) SOIL PROPERTIES
References; Data for Fig.3 8(a) and (b) from Lewie (1954)Data for Fig.3 8(c) from Turnbull and Foster (1957)Data for Fig.3 8(d) from Johnson and Sallberg (I960)
TABLE 8 : DETAILS OF SOILS AND EQUIPMENT USED IN COMPACTION TRIALS.
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Moi s hure Confenh - Y^ J^o
SOO 700
MoTsture C o n t e n N
Êèo 7003Ô0
Mol shu re. Con hen ^ « 18%
SÔo 600^ 760
Tyr-e, P re s s u re . \LHjm^
Akf l’erTürnbüII o-nd Fosfer (1957)
Soils ûloJa in T a b le  8- (PU7)
OphmuînMoist'üre ConFenI" 
-= 16-670
F IG .3 7  : INFLUENCE OFTVRE PRESSURE AvMD NuMBER OF
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6.0 STABILITY AND SELF-SETTLEMENT OF EMBANKMENTS
6.1 stability
The second most important factor governing the suitability of a fill 
material for embankment, after traffickability, is the stability of 
the embankment into which the fill is placed# The suitability or 
otherwise of a material which is adequate from a traffickability 
point of view depends very much on how that material is to be used. 
Obviously weaker materials are undesirable in high embankments with 
steep side slopes.
It is intended in this chapter to look at the stability of embankments 
composed of materials at the limits of traffickability suggested in 
section 5.2. It is intended to take a basic look at short-term stability 
only# The long term stability of embankments composed of such materials 
is another field of study which, at the moment, is outside the scope of 
this thesis. It is considered that large scale monitoring of embank­
ments composed of such materials would be desirable, in order to relate 
field performance to laboratory effective stress parameters.
The stability of any embankment depends upon the materials of which the 
embankment is composed, how the embankment is formed, and the soil con­
ditions beneath the embankment. The latter point is not considered for 
the purposes of the ensuing discussion, but should be checked as a 
matter of course. Part of the proceeding chapter dealt with the uniform 
placing of embankments of weak materials# A.ssuming that erabanlonents 
will be placed under such conditions, soil parameters will then govern 
embankment stability.
Chapter 5 indicated that an undrained shear strength criterion was 
required of embankment fill in order to ensure that plant could operate. 
The lower limit of undrained shear strength at which medium to light 
plant could traffic fill was proposed as 40 liN/m # For medium to heavy 
plant the corresponding figure was 60 kN/m • For these strengths of fill 
there ai'e restricting heights to which embankments can be built, in order 
to ensure short term stability, without resorting to uncommon side slopes.
Provided soils at the limit of traffickability are placed with care, and 
are not over-compacted, short term stability anaJ.ysis will probably
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represent a worst case. Taylor*s (1948) stability charts have been used 
in this assessment assuming that the embankment is founded on a hard 
stratum, and that 0u = 0. The height of embankment which can be built 
to a given factor of safety is inversely proportional to the bulk den­
sity of the fill. In calculations the actual values of the bulk density 
of the soils, at the restricting strengths, have been used since they 
represent a worse case than bulk densities equivalent to the proposed 
minimum lines in Fig,24 (p ?1).
The bulk densities and moisture contents of the various soils for which 
slope stability have been calculated at a factor of safety of 1.5 are 
given in Table 9 (p 115)* It is interesting to note from this table that 
for soils compacted under the same effort, with approximately the same air 
voids content, there is a tendency for the bulk density to increase as the 
L.L. increases. This trend is similar to, though less pronounced than, 
that observed for dry densities in Fig.24. Since the allowable height 
of embankment at a given side slope is inversely proportional to density, 
the L.L. must therefore influence the maximum permissible height. Table 9 
lists the calculated allowable embankment heights for different side slope 
conditions, for remoulded undrained shear strengths of 40 kN/m and 6o 
kN/ra^.
The maximum heights in Table 9 have been plotted against the L.L. of 
the soil for the two strengths of 4o kN/m and 60 kN/ra“ in Figs, 59(a) 
and (b) (p 155) respectively. These figures show that there is a steady 
increase in permissible maximum height as the L.L. increases, due to the 
bulk density effect, although this effect appears to be less pronounced 
at L.L*s above 70%*
Charts similar to Fig.59 can be constructed for different remoulded un­
drained shear strengths. In this way a knowledge of the L.L. and the 
moisture content of a soil can enable an estimate of strength to be made 
from Fig,17 (p 64), Using this estimated strength in conjunction with the 
L.L. enables an estimate of stability to be made using a chart similar to 
Fig.59» This might provide a crude preliminary guide before carrying out 
strength testing, or where strength test results are not available.
A typical maximum height of an embankment for a road scheme is usually about 
10 m. It can be observed from Table 9 and Fig.59 that soil with a re-pmoulded undrained shear strength of 4o kN/m", that is at the lower limit of
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traffickability for vehicles with high tyre pressures, is adequate 
for such embankments without requiring extraordinary side slopes.
Soils with L.L's above 48% will be stable at this height under 1 ;
1.5 side slopes, and soils of lower L.L. idL 11 be stable at this 
height at 1 î 2 side slopes or slightly less. In general there appear 
to be no stability problems when the soil has a remoulded undrained 
shear strength of 6o kN/m . Stable embankments of 14 m or higher, 
depending on the L.L, may be built of such soils at side slopes of 
1 Î 1.5*
If soil in the zone of difficult traffickability (i.e. where ruts of 
200 mm to 275 nun are probable) is to comprise an entire embankment, 
then Table 9 provides restrictions with which it may comply. Hov;- 
ever, it is rare that material whose strength is as low as 40 kN/m^ 
would occur in sufficient quantity to form an entire 10 m high em- 
banlcment. Stability requirements at a particular site, however, may 
redefine material which is acceptable in embankments, even though 
there are no traffickability problems. Take an example:- for reasons 
of land take etc., it is required to build an embankment l4.5 ra high 
at side slopes of 1 : 1,5 with an end of construction factor of 
safety of 1.5, from material whose L.L was about 50'%. Fig. 59 (a) shows 
that this is impossible with soil of 4o kN/m^ strength; the side slopes 
would have to be reduced to about 1 : 5. However, Fig. 59 (b) shows 
that soil of remoulded undrained shear strength 6o kN/m^ would be satis­
factory. Thus the acceptable moisture content of the fill would 
need to be correspondingly lowered, as Fig.17 (p 64) shows. Since 
the new limit of acceptable strength is 60 IdM/m ,^ Fig.52 (p 94) 
shows that, for plant operating at tyre pressures of 24o to 510 kN/ra ,^ 
material producing ruts in excess of 200 mm would not be acceptable; 
plant operating at tyre pressures of 5^ 10 to 58O kN/m^ would be unaf­
fected.
It should be remembered that the slope stability of an embanlcnent will 
be determined as much by the conditions of the embanlcnent foundation 
strata as by the conditions of the embanlcîient fill. The foundation 
strata and embaniment should therefore by analysed as one unit. Ob­
viously such particular conditions cannot be talcen into account in a 
general thesis of this kind because each embankment site is different. 
Therefore, only embankments on solid foundations have been discussed. 
However, it is important to bear in mind that there may be locations
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where it is desirable to have a higher strength of embankment fill 
than either 40 kN/m " or 60 IcN/m in order to preserve embanlonent 
stability. Such conditions could be envisaged where a high embank­
ment sits on relatively weak founding strata. In such an instance 
it may be desirable to have an embankment fill of greater remoulded 
undrained shear strength in order to provide more cohesive resistance 
along the most critical slip plane.
If the latter instance should arise it will impose a new strength 
criterion for that particular embanlcnent, which will supersede that 
of a traffickability requirement. It has also been shown that even 
on a stable foundation, embanlonent restrictions may cause traffick­
ability criteria to be superseded. Thus the suitability or unsuit­
ability of a material for embankment fill depends very much upon how 
that material is required to be used.
Where stability does prove to be a critical factor it should be borne 
in mind that after construction r^ will decrease and consequently the 
factor of safety will increase. After some time it may then be pos­
sible to increase the height of embankment. Also, when constructing 
an embankment the lower layers will begin to stabilise before con­
struction of the whole embankment is complete. The factor of safety 
at the end of construction may then be better than that predicted.- 
It may therefore be possible to build safe embankments higher than
short term calculations predict,
••
Employing a system of stage construction would also allow pore pressures 
to dissipate and enable higher embankments to be constructed.
However, if stage construction was to be contemplated, it would be 
safer to have measurements of pore water pressure in the field to 
check the rate of dissipation and consequent increase in factor of 
safety. Usually a dissipation of about 4o% to 60% would be aimed 
for before any subsequent loading could be applied.
6.2 Self-Settlement
Self“Settlement is the settlement developed within an embankment as 
a result of the consolidating weight of the embanlcnent material it­
self, as opposed to settlement of the foundation soil. This section 
briefly considers the settlement within embanianents composed of 
material at different moisture contents. Calculations are based on
126
oedometer tests on Group A soils, as discussed in section 5*4. Con­
sequently they are only a guide to the order of settlements that may 
occur and, because of their nature, are not absolute. As with stabi­
lity, a field study of embankment settlement would be desirable, but 
is outside the scope of this thesis. Away from structures, the mag­
nitude of self-settlement is considered to be the least critical 
factor in the use of wet fill, since in embanlcnents it is generally 
important only to maintain the vertical curve, irrespective of the 
amount of settlement. Nevertheless, it is important to know what 
expected total self-settlement wdLll take place, and how long the 
embanlcTient will take to achieve this settlement. As discussed in 
section 5*3*2, differential settlements will be minimised if the wet 
fill is placed in layers of even thickness.
It is not intended to give a comprehensive study of embankment self­
settlement but only to indicate the possible magnitude of settlement 
that will result from placing embankments at the lowest limit of 
vehicle traffickability as suggested in section 5*2. That is embank­
ments which liave a remoulded undrained shear strength of 40 kN/ra^ .
Increasing the moisture content of a soil not only reduces undrained 
shear strength but also results in a greater susceptibility to settle­
ment. This is verified by the results of consolidation tests, dis­
cussed in Section 3*4.' These show that, generally, increasing the 
moisture content of a soil lias the double effect of reducing c^, and 
increasing ra^  values. So not only does the total potential settlement 
increase with increasing moisture content, but the rate at which the 
settlement takes place is also reduced (in general). The effect of 
initial moisture content on m^ is illustrated in Fig.26 (p 73) for 
four different Group A soils.
The self-settlement of an embankment can be estimated theoretically 
from the results of one-dimensional consolidation tests by dividing 
the embankment into layers, determining the settlement within each 
layer due to the overburden of the overlying layers, and summing the 
settlements in each layer. In order to perform such calculations, 
both m^ and bulk density must be known. Fig.26 provides a means 
of interpolating m^ values at a given moisture content for four dif­
ferent near-saturated soils. Additionally, Fig. 24 (p 71) provides a 
means of estimating the minimum dry density necessary at the required
127
remoulded undrained shear strength. The bulk density at this strength 
can therefore be obtained, since there is only one moisture content at 
which a soil will have this strength. Table 9 (P 133) gives the bulk 
densities of different soils for remoulded undrained shear strengths 
of 4o IcN/in^  and 60 kN/m^.
Self-settlement calculations have been carried out for four of the 
group A soils, No*s. 7, 11, 13 and 13, but not for soil No,3 since, 
as indicated in section 3*4,erratic results were obtained for this 
soil from consolidation tests. These calculations have been performed 
for different heights of embanlcnent at the moisture contents equivalent 
to a remoulded undrained shear strength of 4o kN/m^, The relevant data 
necessary for calculations are given in Table 10 (p 134) . Values of 
used in the calculations were interpolated from Fig.26 (p 73)• The 
calculations involve several simplifying assumptions which are listed 
below,
1) A free standing embankment of infinite width placed in 1 ra thick 
layers. It is assumed that the rate of construction would be such 
that no self-settlement would occur during construction.
2) The loading of each layer is assumed to be transferred instantaneously 
on placing, and to act at the mid-height of the layer.
3) The consolidating pressure on each layer is assumed to be the weight 
of the overlying layers plus half the weight of the layer being con­
sidered.
4) The mean consolidation characteristics for each pressure increment 
are used, and only consolidation settlement is considered.
3) It is assumed that the settlement/time relationships of individual 
layers can be superimposed. The superimpositions of each layer in 
this instance are considered to be simultaneous.
6) It is assumed that self-settlement will occur only under a net con­
solidating pressure, that is when any swelling of the soil, has been 
negated.
7) It is also assumed that the soils are placed to the. same density in
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the field as the consolidation tests (prepared under modified effort). 
The section on compaction, indicates that this may be achieved.
The results of these calculations are presented in graphical form in 
Fig. 40 (p 136)# Also included on Fig.40 are the results of calculated 
self-settlement predictions made for 10 m high embankments composed of 
three other soils which have been interpolated from the work of Farrar 
(1971)* These values deviate from the suggested self-settlement curve 
for a 10 m high embankment, but their mean would appear to be close to 
the proposed curve. The contours in Fig,4o indicate that the higher the 
L.L. of a soil the less will be its self-settlement in embankment when 
compared with a soil of the same strength which has a lower L.L. Simi­
lar relationships pertain for embankments of different height.
One of the reasons contributory to this behaviour is that, as observed 
in section 3*4 and as Fig.26 (p 73) indicates, soils with a higher 
L.L. have lower m^ values than other soils of lower L.L. at the 
same moisture content. In addition, wdth increasing moisture content, 
the corresponding increase in m^ becomes progressively less as the L.L. 
increases, irrespective 6f consolidating pressure. The bulk density 
of soils of the same strength decreases with increasing L.L. as Fig,24 
(p 7 1) and Table 9 (p133) indicates. Thus consolidating pressures 
will be lower in soils of high L.L., and this effect will tend also 
to reduce self-settlement' in these soils. A further factor which 
accounts for the decreased self-settlement in soils of high L.L. is 
their tendency to swell. As noted in section 3*4., the swelling pres­
sures appear to be greater in soils of high L.L. Table 10 lists the 
values of swelling pressures (interpolated from consolidation tests) 
for the four soils at 40 kN/m remoulded undrained shear strength, and 
shows increasing swelling pressure with increasing L.L.
The highest acceptable L.L. for a soil in embankment according to 
the current Specification for Roads and Bridges (I9 6 9) is 80%. Soils 
with greater L.L*s are omitted because of their adverse shrinlcage - 
swelling characteristics. Fig,40 shows that self-settlements of soils 
with L.L*s increasing from 35/^  to 80% will be between 230 mm and 13O mm 
for a 10 m high embankment. .
There are no stipulated limits on the acceptability of self-settlements 
in embankments, and it is largely the design engineer’s responsibility
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to decide on the tolerable magnitude. Snedicer (1973) has suggested that 
self-settlements between 100 mm and I30 mm are acceptable to the D.O.E*
It is clear from Fig,40 that at a 150 mm restriction, most of the soils 
would appear to be unsatisfactory in 10 m high embanlcments, but satis­
factory in 8 ra high embankments. Of course, the engineer may decide 
that self-settlements of a larger order are acceptable. For example, 
if for reasons other than those of fill suitability, construction is 
to be over two stages and the embankment contains no structures, then 
a higher value of total self-settlement may be acceptable, Fig.4o can 
then be used to estimate the allowable height of ernbanlcment that would 
be appropriate to this increased tolerance, for soil of undrained shear 
strength 4o Idf/m^ #
In any instance where there is a delay between placing layers, a lar­
ger calculated total self-settlement may be acceptable. Tiiis is because 
some self-settlement will be occurring within these intervals.. Self- 
settlement after the embankment has been raised to its full height should 
be less than the values shown in Fig.4o. An estimate of the degree of 
consolidation at the end of construction could be made by transposing 
the calculated self-settlement patterns of the individual layers by the 
appropriate time delay before superimposing them#
A further factor to be borne in mind when considering the self-settlements 
shown in Fig.40, is that even during the normal construction process some 
self-settlement will be occurring, reducing the magnitude that the road 
pavement will self-settle. This is particularly so for the coarser 
soils of lower L.L,, since permeability generally increases with decreasing 
L.L; values are therefore correspondingly higher. Consequently more 
calculated self-settlement may be acceptable for soils of lower'L.L#
As indicated in Fig, 28 (p 75) the c^ values from consolidation tests . 
were somewhat erratic, c^ values from the oedometer are also generally 
regarded as inaccurate guides to field behaviour because the consolidating 
conditions are not strictly analogous. Additionally there is the great 
influence of specimen size, as Rowe (1970), has demonstrated. It is 
unlikely that a small oedometer specimen models with any accuracy the 
macro-structure of compounded dumped clods and consequent consolidation 
conditions within an. ernbanlcment. It is therefore possible to give only 
a crude guide to general consolidation times#
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Preliminary calculations indicated that the time to $0% consolidation, 
without the inclusion of drainage layers, would be excessive, so 
drainage layers, arbitrarily spaced at 2 m intervals, were assumed for 
calculation purposes. Any settlement witliin the drainage layers was 
ignored. It should be noted that McLaren (I968) reported draina^ 
layers to be inefficient in dissipating pore pressure during construc­
tion, although they proved effective after construction. This lack 
of efficiency during construction is to be expected since the degree 
of consolidation at this stage is low. From the work of Gibson and 
Shefford (I968) it would appear that, irrespective of the permeability 
of the drainage layers,the immediate efficiency would be less than 10%# 
If drainage layers are to be used, Gibson and Shefford indicate that4the permeability of these layers should be at least 3 x 10 more than 
the surrounding clay fill,if reasonable drain efficiency is to be 
ensured, while fully effective drainage layers should be 10^ times 
more permeable#
Conventional theory indicates that for the four soils considered, the 
time to 90% consolidation would be of the order to 2 to 3 years. Hov?- 
ever, as Table 10 (p134) shows, 30% of the total self-settlement could 
occur in the first 27 to 36 weelcs, soils of lower L.L. generally sett­
ling the quickest. (This might be expected from the observations of 
Terzaghi (1943) that c^ values are lower for undisturbed soils which 
have low L.L’s.)
Embankments lower than 8 m should consolidate quicker than this, 
since the overall consolidating pressure is less, and c^ values wil3. 
be correspondingly higher as a result#
Ultimate settlement in the field may occur earlier than predicted 
because of construction factors. For example, these calculations have 
assumed that drainage will occur only through the artificial drainage 
layers installed in the embanlunent. In practice, the case m%r be that 
lenses of silt or sand inclusions may provide random intermediate 
drainage facilities. This would tend to reduce the length of the 
drainage path and consequently the time to ultimate consolidation. 
Additionally, small channels, which might be left in the ernbanlcment, 
may encourage drainage to occur more rapidly by providing intermediate 
drainage facilities. Calculations liave been based on one-dimensional 
consolidation, but in the field, horizontal dï'ainage may occur, and liave 
some contributory effect towards hastening ultimate settlement#
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It appears therefore that the self-settlement of 8 ra high embankmentspcomposed wholly of material at the 4o Idl/ra lower limit of traffick­
ability would be acceptable. Fills of higher remoulded undrained 
shear strength would have lower self-settlements since their moisture 
contents would be less. It is considered that for soil at a remoulded, 
undrained shear strength of 6o kN/ra^ , self-settlement in 10 m high 
embankments would be acceptable. A figure such as Fig, 4o (p I36) may 
provide a useful means of estimating the self-settlement of different 
soils-in embankment.
In some instances, for example near structures, it may be necessary to 
restrict the self-settlement of fill to lovirer values than those quoted, 
A lower fill moisture content will then be required and this will 
result in a higher remoulded undrained shear strength criterion for 
the fill, which can be estimated from Fig,17 (p 64), This strength 
may supersede that obtained from traffickability and stability con­
siderations. The total self-settlement at such moisture contents 
may be calculated from oedometer tests carried out on remoulded speci­
mens at the relevant moisture contents.
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7*0 PROPOSED SYSTEM FOR ASSESSING THE SUITABILITY OF COHESIVE FILL 
7*1 General
This thesis attempts to approach the problem of assessing the suitability 
of cohesive fill in a rational manner, using standard laboratory and 
field measurements and tests. It has been shown that the three prin­
cipal factors which influence the suitability of cohesive fill, traffick­
ability, slope stability, and self-settlement, each impose restrictions. 
The object of this chapter is to draw together these limiting conditions 
to form a coherent method of assessing fill suitability.
An attempt has been made to relate these three influences on fill suit­
ability to common tests, so that estimates of suitability may be made 
both before and during construction. Primarily the relationships 
established relate to the remoulded undrained shear strength of the 
cohesive fill. This is because stability is strength dependent, 
traffickability is strength dependent, and self-settlement is indirectly 
influenced by strength since ra^  values have been shown to be'dependent 
on the moisture content.
Section 3*2,2 has shown that the currently popular upper moisture con­
tent limit of 1,2 X P.L. is in fact a crude, indirect measure of 
strength. This 1.2 x P.L* criterion is the average moisture content 
at which soils all over this country will have a remoulded undrained 
shear strength of 4o kN/m • However, as discussed, this limit represents 
a gross over-simplification which cannot apply in the particular case* 
Thus there would seem to be a very valid reason for reverting to more 
direct methods of measuring strength, so that greater accuracy in earth­
works can be obtained*
The proposed philosophy of assessing soil suitability depends first 
upon establishing the moisture content conditions for which the soils 
encountered on a site will have a remoulded undrained shear strength 
capable of supporting trafficking plant. Secondly, it is necessary to 
examine the slope stability of soil at the strength that traffickability. 
allows. In some instances there may be particular restrictions placed 
upon the geometry of embankments* If, under these conditions,
stability cannot be assured even though the soil is traffickable, the 
strength limit of the fill must be raised so that the embanl-onent becomes 
stable, A new strength criterion is therefore established.
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If it is desirable to restrict also the selfvsettlement of the erabanlonent, 
then consolidation tests must be performed so that the self-settlement 
at the strength criterion which either traffickability or stability 
demands can be estimated. If self-settlement would appear to exceed 
acceptable values, then suitable soil must have a lower moisture content 
and a higher strength. Thus the more critical of the three factors 
traffickability, slope stability, and self-settlement, will ultimately • 
decide the restricting strength and moisture content of a soil suitable 
for embankment fill.
When the limits of strength for an embankment have, been set, they may 
be converted into a moisture content value by using the moisture content 
remoulded undrained shear strength relationship of a soil which can be 
established at the site investigation stage. Alternatively, it might be 
possible to use the strength contours related to moisture content and 
L.L. as proposed in Fig.1? (p 64). In the field it may also be possible 
to use Fig,17 as a means of monitoring the suitability of fill*, Where 
a strength criterion is employed, it is also possible to check quickly 
the suitability of fill in the field by using a hand vane. Additionally, 
the critical strength limit can be translated into the approximate depth 
of rut that trafficking plant may cause, as illustrated by Fig; ^2
(p 94).
The several stages of•the proposed method of assessing the suitability 
of cohesive fill overlap to some degree and are interdependent. Further­
more , there is a need continually to correlate and check site investiga­
tion predictions with field controls, which also enable continuous re­
assessment of fill suitability. In order to facilitate the following 
description of the proposed system of assessment, a flow chart Fig, 4l 
(p158) has been constructed. Marginal notes refer to box numbers on 
this flow chart.
7<»2 Site Investigation and Laboratory Testing 
In large part the proposed method of approach to the problem 
depends on correct and adequate testing at the site investigation 
stage. This will probably require a revision of attitude from both 
the site investigation contractor and the client. Site investi­
gation contractors are encouraged to apply the 1,2 x P.L, or some 
other factor times P.L, criterion in their assessment of material
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suitability, not least because the vast majority of earthworks 
in this country is carried out for the D.O.E. This approach is 
considered to be outmoded, and a more particular knowledge of 
the strength behaviour of fill is required for each soil in a 
projected earthworks programme.
The normal requirements of a good site investigation programme 
are pre-requisites to the proposed system of assessing suitability.
However, more samples than usual may be required in order to carry 1
out a programme of remoulded undrained shear strength testing.
With a background of such testing the feasibility of L.L./m.c* 
relationships can be examined to assess the efficiency of index 
testing as a field control. If sufficient samples are not avail­
able, a decision must be made as to whether additional boreholes 2
are necessary, ^ e  cost of such additional work is usually neg­
ligible in the context of the total cost of an earthmoving pro­
gramme or of earthworlcs claims. The need for further boreholes 
may also arise in instances where old site investigation reports 
form the basis of design, and where adequate.information on which 
to base a sound judgement is not available. It is pertinent also to 
note that the number of boreholes in a cutting directly influences 
the accuracy with which the soils profile of the cutting can be &
assessed, and consequently the accuracy of assessing quantities 
of suitable, marginal‘and unsuitable soils in a cutting. False 
economies at this stage may prove costly at the construction stage.
At the present it is not general practice for contractors to carry out 
remoulded undrained shear strength tests at different moisture contents 
on potential fill material. In view of the strength dependence of 
the three factors influencing the suitability of cohesive material, 
it is considered that such testing is "vital. . g
For each cutting, the cross sectional profile of the soils strata
should be assessed from the available information of drillers
records, sample description and classification tests. Usually 4,5,6,soils recur to some degree from cutting to cutting, and by iden­
tifying the specific types, repetition of remoulded strength tes­
ting oan be avoided. Other testing can also be optimised, and 
additionally the soils profile provides a basis for other engineering 
studies which may be required on the cutting. Therefore, accurate
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borehole records, standard sample description and adequate classi­
fication tests are essential. Particularly,the distribution of 
classification tests should be appropriate to the relative volume 
of the cutting that each borehole represents. Thus in boreholes 
near the centre of the cuttings testing should be more intensive. 
Since classification tests form a base on which suitability can be 
assessed, it is important that the relative proportions of tes­
ting are reasonably correct, so that estimates of the relative 
volumes of suitable and unsuitable material can be made more ac­
curately. Increased accuracy in the site investigation can offset 
the additional expenditure on extra boreholes and refine the quan­
tity of expensive testing.
For each cohesive soil type encountered a series of remoulded 
undrained triaxial tests should be performed. Samples of 
the same material which occur in different cuttings may be col­
lected together to form a large composite sample. The composite 
sample should be homogenised and remoulded specimens prepared at 
different moisture contents in a manner similar to that detailed 
in chapter 2.' During remoulding intact lumps should be reduced 
to about 5 mm maximum dimension or removed from the composite 
sample. Lumps larger than this may affect homogeneity and may 
influence the results of triaxial testing (cf the effect of 
fissures). For reasons previously noted, recompaction at modified 
effort is preferred. It is considered- essential that remoulded 
specimens are not tested for at least 24 hours to allow the mois­
ture content to equalise. The range of moisture contents covered 
in tests should be both significantly wetter and drier than the 
natural range encountered in the site investigation. (Specimens 
should not be tested dry of the optimum point for the method of 
compaction being employed, since such specimens will not be in a 
comparable state of saturation to specimens wet of optimum). Thus 
strength data should be available to cover the drying-out and 
wetting-up of the soils which may result from exposure to the 
weather after the cutting has been opened up.
If soil conditions are anticipated to be extremely poor, it may 
be useful also to carry out some undrained triaxial tests on 
undisturbed samples. A comparison of the remoulded strength and 
undisturbed strength at the same moisture content might indicate
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whether there was a large benefit to be gained by employing 
methods of excavation and placement other than scrapers, in 
order to preserve a greater intact strength.
Stability of soils in embankment can be assessed from remoulded 
imdrainéd shear strength tests. If self-settlement is a critical ^0
factor in the design of the embankment, it will be necessary to 
perform at least one consolidation test at the limiting moisture 21
content indicated by considerations of traffickability and stab­
ility. If the self-settlement at this limit exceeds the accep- 22
table value then it may be necessary to perform consolidation 
tests at lower moisture contents to determine the moisture content 23
at which the magnitude of self-settlement is acceptable.
Compaction tests should also be performed in order to facilitate 7
an assessment of the corapactive effort required in the field. It 
is suggested that both the B.S. test and the modified test are- 
performed. It is an advantage to have the results of both tests 
for, as previously discussed, compaction in the field to the equiva­
lent of the standard test may ensure the same degree of compaction 
as modified effort if the soil has a high natural moisture content. 
Additionally Fig. 38 (p 122) indicates that it might be possible to 
graduate the behaviour of different compaction plant types between 
the optima soil conditions determined from these two laboratory tests.
It is to be noted that the production of the remoulded specimens g
for strength testing will provide supplementary compaction data, 
since these specimens should be remoulded at the same modified 
effort at different moisture contents.
Bulk density tests should be performed on undisturbed samples in 
order to assess the potential bulking or shrinkage that might occur 
in these soils.
2_*2_.A_The limit Undrained Shear Strength Criterion of a Boil 
(a) Traffickability
Vihen the results of the remoulded tests are available for a soil 
they should be plotted on a log-log basis, with any points dry of 
optimum being omitted. The resulting relationship should then be 
compared with the results obtained in Fig,6 (p 3 3 ) to determine
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whether the general parallel line trend is corroborated and 10
whether the soil fits in at a reasonably correct position as '
determined by its L.L. This procedure- will determine whether
the simplified remoulded undrained shear strength contours
proposed in Fig. 17 (p64), which depend on moisture content 11,35
and L,L., can be used in the field. This point is discussed
later in section 7*3, but in either case the limiting
remoulded undrained shear strength criterion of a soil may
be determined,, but in a slightly different manner.
Firstly it must be established whether or not there is a prer­
ogative to restrict the type of plant that can be used in the 12
earthworks. If there is, this is a highly desirable state of 
affairs, since then the type of plant most suited to the ground 13 
conditions can.be chosen, and the amounts of unsuitable and 
marginal material, from a traffickability point of view, reduced.
If plant types can be restricted, the effect of weather and geo- l4 
graphical location should also be taken into account at this stage, 
using Norman's (1963) method to determine the susceptibility of 
different plant combinations. If plant types cannot be restricted, 12 
Norman's method might provide a rough estimate of the stoppages 
expected through employing larger plant.
The object of restricting plant type would be to equate the pres­
sure and load effects of particular plant types with the predominant 
remoulded undrained shear strength of the fill. Thus, if the 
remoulded undrained shear strength of a soil was generally very low, 
and this soil occupied a large proportion of the earthworks, it might 
be desirable to exclude medium to large scrapers from the contract 
and so reduce traffickability problems. From a traffickability 
point of view, more of the earthworks material would then become 
suitable and the quantity of unsuitable material would be reduced. If 
plant type cannot be restricted, the quantity of unsuitable material 12 
may increase if the pressure the plant imposes exceeds the capacity 
of the fill to support it.
At the moment, available data concerning the traffickability of 
plant in the field is restricted to that for medium to light 
plant and medium to heavy plant at tyre pressures of between 240
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2 2 to 310 kN/m and 3^0 to 38O kN/m respectively. This data is
summarised in Table 7(p116) As discussed in section 3*1 the
respective ranges of marginal traffickability would then be
between remoulded undrained shear strengths of 40 to 60kN/m and I6
60 to 80 kM/m^.
Having obtained the remoulded undrained shear strength relation­
ships of the soils to be used as fill, let us assume for the 
moment that results fit the pattern that the soils in this thesis 10 
were observed to follow, and integrate with Fig. 6 (p33)* Thus 
the strength contours in Fig. I7 (p64) are valid. We can then 
obtain an approximate idea of the predominant distribution of re­
moulded undrained shear strengths by plotting .the results of 
classification tests on a figure similar to Fig.l?» This has 23
been done for a hypothetical case (x) in Fig.42 (p159).
Fig.42. shows that for the soil (x) considered, the majority,of 
results would infer remoulded undrained shear strengths of between 
40 and 60 kN/m . Thus it is immediately evident that if medium to 
heavy construction plant is employed, a large amount of unsuitable 
material will result since such plant will be unable to traffic. 
However, if medium to light plant is employed, the soils will be 
more traffickable, and much less of the material will be,unsuitable.
If this or similar soils provide the bulk of the cut material, it 
woild appear to be a good instance in which to exclude heavier plant 
from the contract. •' If .the site was in a particlarly wet part of the 
country, the use of heavy plant might result in extreme difficulties.
Other soils may naturally or because of potential weather conditions 
be anticipated to have remoulded undrained shear strengths pre- 
dominantly below 40 kN/m . In this case it may be necessary to 
use even lighter plant, or to employ tracked vehicles. In some 
instances the distribution of soils may be predominantly above 
60 kN/m^, in which case medium to heavy plant can be employed.
If the results of some of the remoulded tests differ significantly 
in either position or slope from the lines in Fig. 6 (p53) then 
the use of Fig. 17 (p64) will be inaccurate. Plotting the 
moisture contents corresponding to the undrained shear strengths of
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40, 60 and 80 kN/m^ on Fig, 42 will indicate the degree of 
inaccuracy. In some instances, where the results are on 
the safe side of these lines, or are close to them (as soil p 
on Fig, 42 ) this figure might still be used merely by adjusting 
the lines slightly. In other cases (as soil O on Fig. 42 )
where results are far from, or are on the unsafe side of these 
lines, the use of Fig. 42 would be much less attractive or 
desirable.
In the latter case the remoulded undrained shear strength - 
moisture content relationship could be used directly in conjunc­
tion with moisture content.results. The disadvantage of this 
is that these moisture contents correspond to a spread of L.L's 
whereas a particular undrained shear strength relationship 
represents only a mean value of L.L. Thus although the relative 
proportions of results falling between different strengths can be 
obtained and an assessment of plant suitability can be made in a 
similar way to that discussed above, there will be some loss of 
accuracy.
Soils information therefore should lead us to determine
tentatively the appropriate plant types for a particular contract. 13 
The remoulded undrained shear strength limit corresponding to the ^7
use of this plant therefore becomes our first criterion governing 
the suitability of fill. At present we have information on only 
two broad^ plant types, as shown in Fig.32 (p 94) but these 
strengths provide a first stage guide..
b) Stability
When the plant to be employed on a site has been decided upon,
this provides a lower remoulded undrained shear strength bound, 1?
which for the two plant categories with which this thesis deals •2 2is either 40 kN/m or 60 kN/m . The acceptability of soils of 
these strengths as embankment fill will depend on the configuration 
of embankments along the route .
In section 7.2.1. (a) it was suggested that for each cohesive soil 
type along a route, a series of remoulded triaxial tests should be 9
performed. These results should also enable the calculation of
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the short term slope-stability characteristics of these soils 18
in embankments, using a method such as Taylor's (1948). As 
indicated in Chapter 6 , foundation instability should also be 
considered since this could effect the quality of fill required 
in embankment.
For most embankments above the groundwater table, r^ in the long 
term approaches zero. The r^ value in the medium term, in 
embanltments of wet fill, may be high, particularly if over­
compaction has been employed, but generally, an undrained analysis 
will probably represent the worst case. Other groundwater regimes 
may however, have a significant effect,on the embankment stability. 
Therefore effective stress analysis-should also be performed where 
sufficient data exists.
On a given contract the stability of each embankment should be
assessed individually, because both embankment heights and
foundation conditions will vary from location to location. The
initial strength of fill that should be examined would be either 2 240 kN/m or 60 kN/m , depending on the plant type allowed. If 
at this strength the slope stability characteristics are adequate 19 
then fill suitabilhywill still be governed by traffickability re­
quirements. Otherwise the undrained shear strength required to 
ensure stability must be calculated. This new strength will then 
supersede the traffickability criterion, and determine the lower 20 
limit of acceptable fill.
Figure39 (b) (^33 ) illustrates the general behaviour of
different soils in embankment, when constructed on a hard foundation. 
This figure shows that the traffickability criterion of 60 kN/m 
for medium to heavy plant would result in stable embankments of l4m 
to 1 3 '3m high for side slopes of 1 :1 .3 , (end of construction factor, 
of safety = 1.3). Since it is uncommon for embankments on 
modern roadworks to exceed 10m it appears that in this instance 
the traffickability criterion will not be superseded by a stability 
requirement. - '
However, Fig. 39 (a) shows that there is more possibility of a 240 kN/m traffickability criterion being superseded by a stability 
criterion. This figure shows that only soils with a L.L above about 48^
1 4 5
will be stable in 10m or higher embankments with side slopes 
of 1:1.3* For soils with L.L's below 48^, it appears that unless 
the side slopes are modified to about 1:2, the allowable re­
moulded undrained shear strength of fill must be raised, so 
replacing the traffickability criterion. It should be noted 
that supersedence may not always result, since embankment 
foundation conditions may require side slopes of 1:2 in order 
to prevent slip failure through the embankment foundation, and 
indeed such slopes are not uncommon.
Where stability is a critical factor governing the suitability 19
of a soil, consideration could be given to stage construction as 
a means of allowing the weaker material in embankment, rather 
than increasing the strength criterion. Again such consideration 
will depend on particular embankment conditions.
The stability of all embankments along a route should be 
investigated to determine whether, in general, the criterion 
determined from traffickability considerations is adequate. If 
it is not, a new remoulded undrained shear strength criterion 
should be adopted to ensure general embankment stability. In both 20 
cases there may be particular embankments, e.g. a high embankment 
with restricted land take and/or poor foundation soils, which 
require the establishment of a higher criterion outside the general 
context of the majority of the earthworks. Such embankments 
should therefore have an independent specification,
c) Self-Settlement
As previously noted, self-settlement is usually regarded as the 20
least most important element.when assessing the suitability of 
cohesive fill. Frequently, in fact, it is ignored at the design 
stage and only assumes subsequent importance if the contractor 
becomes worried about his fill quantities. Such instances can 
arise if embankments are left to stand over a winter break.
Thus although self-settlement may not be regarded as a critical 
factor, it is considered desirable to have some estimate of its 
likely magnitude. The importance of this knowledge is obviously
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greater for high embankments which contain structures 
than for lower embankments which contain no structures. In 
the latter case, if proper compaction has been applied, as 
discussed in Chapter 3» there should be little adverse effect 
on the vertical alignment. The time necessary to achieve 
an acceptable degree of consolidation before trimming prior 
to roadworks may also be a consideration.
The magnitude of self-settlement can be estimated from odéometer 
tests. It would be desirable to have a knowledge of the self­
settlement characteristics of the fill over at least the natural 
range of moisture contents. Specimens for testing could then 
be taken from the same compacted remoulded sample used to 9
supply specimens for triaxial tests. The variation in 
consolidation parameters, m^ and c^, with moisture content 
could then be approximated by trend curves. This approach is 
considered desirable, because as Fig.26 (p73 ) illustrates, 
individual results may be subject to some innaccuracy.
Factors may mitigate against such multiple testing, for example 
embankments on a contract may be low, and there may be no 
contractual restrictions on the tolerable amount of self- 
settlement. However, it is considered that at the least, an 
oedometer test should be performed for each type of cohesive 
soil encountered at the more critical limit of soils suitability 
so far determined. In this case the moisture content for re­
moulding can be determined from the remoulded strength-moisture 23
content relationship.
In either of the two above cases, consolidation data should be 
obtained for the fill strength under consideration. A self- 
settlement calculation should then be carried out in a similar 
manner to that detailed in Chapter 6. If the resulting total 22
self-settlement is within tolerable limits then the previous fill 
criterion will remain intact. If the total self-settlement is 
too high, then reitterative calculations should be carried out to 23 
determine the moisture content at which total self-settlement will 
be acceptable. Where multiple testing has been employed, an niy 
value can be obtained from the general relationship, but where only
14?
one test has been performed, a further test should be carried 
out at a drier moisture content.
As Fig 40(p,136) shows, in order to restrict self-settlement 
to 130mm,embankments composed of fill at 40 kN/m should be 
restricted to 8m high. A corresponding limit for fill at 60kN/rn^ 
may be about 10m. Thus it would appear that a self-settlement 
criterion would become instrumental in affecting the fill 
suitability criterion of only those embankments which are over 8m 
high and composed primarily of soil with a low L.L. However, 
as discussed in Chapter 6, soils of low L.L have highdr 
permeabilities, and a higher calculated total self-settlement 
might therefore be accepted in these soils.
Again as discussed in Chapter 6, the tolerable level of self­
settlement may be increased if two-stage construction is being 
employed, or if there are considerable delays between placement 
layers. In these cases although calculated total self-settlement 
may be excessive, because some consolidation will have occurred 
before the road pavement is placed the actual self-settlement 
that affects the road pavement may be acceptable. The time to 
achieve a certain degree of consolidation relative to the place­
ment of the pavement also is reduced with stage construction.
/
At this point it would be desirable also to calculate consolidation 
times, bearing in mind that laboratory Cy values frequently over 
estimate actual values. A decision on whether to include drainage 
layers in embankments can then be made.
Calculations in the above manner would lead to a prediction of 
maximum self-settlement. It may be more reasonable to consider 
the mean self-settlment of the embankment, calculated at the 
median moisture content of the fill, as more representative of 
potential self-settlement than one calculated at the lower limit.
Self-settlement calculations should be made for all embankments 
along a route. If in general self-settlements are found to be 
excessive then a new remoulded undrained shear strength criterion 24, 17
should be adopted based on this consideration. The moisture 
contents corresponding to acceptable self-settlements can be
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related back to a strength criterion through relationships 
such as Fig, 17 (p64). If only occasional embankments are 
found to have excessive self-settlements then a new criterion 
may be adopted specifically for these embankments. Alternatively, 
a mixed embankment might be stipulated, with the embankment
being constructed of two or more parts, one of a wetter, and one of
a drier soil, so that the aggregate total self-settlement of both
parts obtained an acceptable value.
d) Re-evaluation
As a result of following the proceeding procedure the most 
critical remoulded undrained shear strength should have been 
obtained. If this strength is higher than that required to 
ensure traffickability, then some reassessment may he necessary.
Thus if the dominant criterion is one of self-settlement, stability 24, I8 
should be re-analysed since steeper side slopes may be permissible 
at this higher strength. Because the selection of plant type 
depends bn the actual strengths of the fill rather than an imposed 
criterion, the plant type selected originally will still be that 
most suited to the total execution of the works, even though larger 
plant would be able to operate in embankment because of a higher 
entry criterion. If the route could be divided into specific areas 
of different potential fill quality then it might be possible to 
employ different types of plant in separate areas.
7 .2 .2 . Assessing Embankment Fill Characteristics
a) Quantities of Suitable Fill
A limiting remoulded undrained shear strength wiU have been I7
determined for the route, and , as discussed, specific parts
of the route may have their own particular restrictions. Materials
falling below this criterion will be unsuitable for embankments,
whilst those exceeding this value will be either marginal or
suitable. A marginal division is included because if the limit
criterion is less than that strength which defines the bound of2 2material suitable for trafficking (80 kN/m or 60 kN/m depending on 
plant type) there will still be a zone within which construction 
plant might experience trafficking difficulties. In the event of 
adverse weather conditions this material could quickly be rendered 
unsuitable. The retention of the concept of marginal material where the 
limiting undrained shear strength is low therefore accommodates
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contingencies involved in formulating the criteria and 
allows flexibility to the Resident Engineer,
Situations where marginal material may be a component along with 
suitable and unsuitable soil are illustrated in Figs. 43 (pl60) 
taking as an example the traffickability limits for medium to 
light plant. There will be no marginal division only where the 
limiting undrained shear strength exceeds that required to 
ensure the material will be suitable for trafficking. This 
situation is illustrated in Fig.43 (c).
The relative proportions of soils which fall into the three • 34
categories of suitable, marginal and unsuitable can be assessed 
diagramatically. The appropriate control diagram for the route 23,26 
(or particular embankment) that is either Fig.43 (a),(b) or(c) 
their counterparts for medium to heavy plant, is employed. Each 
soil type occurring in a cutting can be analysed simply for
suitability by plotting the L.L. and associated m.c. results on 
the control diagram. Relative proportions can then be obtained 23
on a pro rata basis if classification tests reflect the relative . 34
volume of that soil in a cutting.
However, as noted in section 7.2.1. (a) unless the moisture 
content-remoulded undrained shear strength relationship follows 10
the established pattern, a control diagram such as Fig. 43 cannot 
be used. For such soils the proportion falling between the 11
appropriate strength limits must be assessed directly from the 
original relationship, but as previously explained this may lead 9
to some loss of accuracy.
b)Rutting of Acceptable Fill ;
At 'this stage an estimate can be made of the expected depths 
of rutting that may occur during construction. The plant type 3&
will have been decided, and the two remoulded undrained shear 
strength limits defining suitable, marginal and unsuitable 
materials will be known. Thus the expected depths of rutting 
in embankment can be approximated fromthese criteria using the 
appropriate curve on Fig.32 (p94).
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c) Bulking or Shrinkage
It should be possible at this stage also to estimate the 37
degree of bulking or shrinkage that could occur during 
contruction. Results that need to be available to make such 
an assessment, in addition to previous tests, are bulk and dry 
densities of undisturbed samples.
Providing the remoulded undrained shear strength/moisture content 
of a soil follows the proposed pattern in Fig.6 (p33 )» Fig.24
(p71 ) enables the dry density of compacted soil to be estimated. 
(Current results in fact can be used to supplement these figures) 
Moisture content-can be related to the dry density to ensure 
a given strength using these tv;o figures, and values corresponding 
to the natural moisture content range of a soil can therefore 
be plotted. On this graph undisturbed dry density determinations 
also can be plotted against the natural moisture content of the 
specimens. Through each set of data, a mean line could be drawn.
A comparison of the difference in the ordinates of these two curves 
with the ordinate of the undisturbed density would give the per­
centage bulking or shrinkage. Averaging the comparisons at 
different moisture contents enables the mean bulking or shrinkage 
to be estimated. This value refers also to the bulk characteristics 
of the soil, since at the same moisture content the ratios of 
dry densities and bulk densities are the same.
In estimating the degree of bulking or shrinkage, values of 
density obtaining at moisture contents above that equivalent to 
the limit undrained shear strength criterion of suitability for 
the soil should not be included, since they will be excluded 
from embankment. The results obtained can be no more than 
approximate. This is due not only to stress release in the un­
disturbed samples which leads to erroneous densities, but also to 
inaccuracies in the process of estimating the remoulded dry density 
from moisture content and L.L determinations. Furthermore it is 
assumed that the embankment will always be compacted to 3/^  air voids 
or less. In addition, the weather may affect the final moisture 
content and hence the density of the compacted fill, although some 
estimation of this effect may be derived from climatological data.
However crude such an estimate of bulking and shrinkage is thought 
to be, it is considered to be better than no estimate at all.
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d) Compaction
A crude estimate can also be made of the compaction required in 38
the field. In.order to do this the results of compaction tests 7
at both B.S. and Modified effort should be available for each 
soil. Fig. 38 (a) a n d ( b ) ( p  12^ indicate that for two soils with 
a difference in L.L. of 33/° (73/-40%), the optimum condition 
for compaction by a 12ton.ne pneumatic tyred roller with tyre 
pressures of 248 kN/m corresponds reasonably with the optimum 
condition produced under B.S. compactive effort. Thus, in the 
absence of any other data, the B.S. compaction curves of soils 
with L.L's between these values might be assumed to have a 
similar relationship.
In the same way one might approximate the positions of the other 
curves for different compaction plant, from a knowledge of their 
position relative to the B.S. and Modified compaction curves in 
Fig38 (a)and(b) In making such extrapolations Fig. 24 (p71 ) 
might provide a useful guide since it indicates how the optimum 
moisture content of some British soils under modified compactive 
effort falls with increasing L.L.j the optimum points of compaction 
plant curves might be expected to behave in a similar manner.
Based on this principle, approximate relationships between the 
maximum dry density of different plant types (see Table 8 (p1l7) ' 
for details of plant types) and L.L. have been estimated in Fig4 4  
(pl6l).
Fig. 43 (pl62) illustrates how this information can be used to 
assess the appropriate type of compaction plant for given soil 
conditions. Firstly the mean compaction curves of the soil at 
B.S. and Modified effort are plotted. Then the plant optima' 
are estimated from the L.L. using Fig. 44 and are plotted at 
about the 3^ ° air voids line. A histogram of the moisture content 
distribution of the soil is also prepared. Comparing the 
distribution of moisture contents with the plant optima enables 
the most appropriate plant type to be selected. If the moisture 
content distribution falls to the right of the lightest 
compaction plant shown, even lighter compaction plant would 
probably be adequate, as discussed in Chapter 3*
13:
This method provides only a crude estimate of the suitability 
of compaction plant. It should not be assumed that this 
estimate will be automatically correct, and in the early stages 
of construction compaction trials should be carried out to 43
assess the efficacy of any proposed compaction mode. 46
7 .3 . Approximate Method of Assessing Earthworks 
There may be instances where a thorough laboratory based 
appraisal of earthworks is not possible. In certain 
circumstances, for example if an old site investigation report 
is being reassessed, adequate results may not be available.
In these instances it may still be possible to estimate,
albeit less accurately, the suitability of a soil using a ^
combination of the general relationships proposed in this thesis*
The results of classification tests can be used in conjunction
with fig. 17 (p64 ) to predict the approximate remoulded - 27
undrained shear strength of fill. Depending on these results
the most appropriate type of plant should be chosen bearing in
mind the factors discussed in section 7.2. The strength criterion
for this type of plant should then be adopted as the initial 28
restriction and stability of embankments estimated from Fig39 (pl33) 29
(It should be noted that this figure is specifically for
embankments founded on a hard stratum.) An estimate of the
self-settlement occurring in embankment should then be made
using Fig, 40 (pi36) for material of 40 kN/ra  ^strength as a guide, 30
Reiterating this entire process should enable the critical 27
remoulded undrained shear strength limits of the fill to be 2 8 '
approximated.
The relative quantities of suitable, marginal and unsuitable fill 
can be■determined in a similar manner to that described in section
7 .2 . using a control chart representing the strength limits of 34
the fill. If there is a knowledge of the natural density of the 32
cut material, an approximation of the degree of bulking or shrinlt- 33
age can be obtained by estimation from Fig. 24 (p 71) in a similar 
manner to that described in section 7-2.
It is important in these circumstances where there is a lack of 
precontract information to ensure that adequate testing is 39,40
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carried out at the construction stage so that a continuous 4l,42
reappraisal of fill suitability can be made.
7.4. Field Control
Where the site investigation has shown that the remoulded
undrained shear strength relationships agree with the trends ,
Iproposed in this thesis, the design chart used to assess the i
suitability of the fill can be used as a field control, Thus 33 ^
continuous monitoring through Atterburg limits and moisture 39
contents should be made of the soil going into embankment.
Advantage should be taken of the greater facility to test at 
this stage than occurs at the site investigation stage.
Additionally, strata may be exposed which were not uncovered ' 
during the site investigation, which should be the subject of 
strength testing on site.
It is suggested that in addition to classification tests periodic 
checks of fill should be made on undrained shear strength by 
means of the field hand vane. These results are available 40
immediately after the test, and this is an advantage over the 
usual twenty four hour delay for classification test results.
It should be noted however that the field vane tends to slightly 
overestimate strength. • In dubious cases of suitability triaxial
tests could be performed on the remoulded fill. Where there is a
laboratory on site, as on most large,earthworks contracts, the 
results of triaxial testing should again be available on the same 
day.
Observations of rut depths in remoulded fill as the contract 41
proceeds could allow Fig, 32 (p 94) to be improved and an idea 
of the undrained shear strength of the fill from the rut depths 
produced could be developed, so providing the Engineer with an 
approximate immediate guide. Indications of rutting behaviour 
could be obtained at the same time as field compaction trials, 
and the influence of tyre pressure and payload studied. It 
should be noted that rut depth is a useful guide only when plant . 
is operating on a relatively homogeneous depth of soil, since a 
firmer layer beneath a thin soft placement layer will attenuate
1 3 4
rutting. Additionally,it is sinkage rutting that is 
to he observed and not ruts due to progressive shear of the 
soil which can be caused by total slippage of almost 
stationary vehicles.
As a result of such continuous monitoring of fill.
characteristics, a continuous reassessment can be made of 4-3
the suitability of fill for embankment. 43
If the trend of the remoulded undrained shear strength 
relationship of a soil differs significantly in either position 10
or slope from the established general relationship, a figure 
such as Fig,17 (p64 ) cannot reasonably be used as a field guide. 11
However, as indicated in section 7*2.1., if the remoulded strength 
relationship produces results on the safe side of the lines 
proposed in Fig.17, then it may be possible either to use such a 
chart as a conservative guide or to adjust it for use. Fig..17 
cannot be used if the undrained shear strengths fall on the un­
safe side of the contours, and it will then be necessary to in­
crease the number of hand vane tests to monitor the strength of the 
soil directly.
It is suggested that field compaction trials should be carried 45
out in the initial stages of construction to determine the 
desirable compaction, since it is probable that predictions made 
at the site investigation stage will require modification. Field 44
densities should be used to monitor the uniformity of the fill and 42
check the degree of compaction being obtained. In this respect 
Fig,24 (p71) may provide a useful guide since it indicates the 
maximum density that can be achieved in a soil- which has a certain 
moisture content.
7*3» Comments on Soil Placement
The placement of soils which are within the proposed limit criteria should
pose no undue difficulties providing a stable haul path is mainbained. 
Vehicles gain access to embankments by means of haul roads and it is there­
fore important that wetter fill should be excluded from these since, if 
repeatedly churned, such material may impede progress or require additional 
plant to maintain.
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On the placement area plant should be encouraged to use the full width 
of the embankment, so that preferred paths are avoided, and the fill 
receives a more uniform degree of trafficking. In the assessment of 
traffickability no. account has been taken of loaded vehicles attempting to 
traffic sloping areas of wet fill. Haul paths should therefore be kept 
as level as possible.
Where wet and dry fill are to be incorporated into embankment, it is desirable 
to place these materials in alternating layers of uniform thickness.
In this way drying would be encouraged and at the same time rutting would 
be restricted by the underlying dry layer and placement of the wetter 
layers would become easier. Alternatively it has been suggested by 
Rodin (1971) and Huang and Shephard ( 198 8) that in composite embankments 
wet fill should be placed in the bottom layers of embankment only, so that 
they will be away from the pavement and have the benefit of a higher 
consolidating pressure.
It is usually desirable in fill that damage to the formation should be 
confined to the top 300mm (Farrar and Darley (1972)). It is therefore 
suggested that the top layers of embankment, at least the top 1m of material 
immediately beneath the formation, should be comprised of bettor quality 
drier material. This is necessary in order to prevent construction traffic 
damaging the subgrade and to enable the contractor to lay accurately
the pavement layers. •
7 .6 . Comments on Economic Considerations.
The earthworks portion of road contract tenders generally forms between
20% and 30% of the total tender for the works, and on average 27%. However,
experience shows that in fact contractual claims on earthworks result in 
the final payment being nearly double the billed amount. Since the total 
cost of road projects in Britain in' *1973 was £.629m. it is evident that 
it,is much more economic to pay more initially for a proper estimate of 
fill suitability than to pay claims later. It is hoped that the proposed 
system of assessment will, because of its practical and rational basis, 
enable a more accurate estimate of suitability to be made. This in, turn 
should lead to reduced total costs in earthworks since, hopefully, it defines.' 
more accurately the area of the Contractor's risk.
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There are other economic considerations when fill at the wetter end of 
the spectrum is to be employed. If modified side slopes are required to 
ensure embankment stability at the required height, the extra cost of 
placing the additional material to achieve these slopes must be considered.
In addition, purchase of additional land may be required to accommodate 
modified side slopes, and this factor must be weighed against any possible 
savings to be made. Where it is desirable to incorporate drainage layers 
into embankments the extra cost of materials and installation must also 
be considered.
The efficiency of heavy plant continuously operating in large areas
of wet fill is expected to be reduced and running costs increased
because of increased rolling resistance. This will probably be reflected 
in an increased haul cycle time, so it is likely that considerable extra 
plant, hours will be required for wet material as compared with operating 
in drier materials. Excluding wetter material from haul roads should ensure 
that delay is kept to a minimum.
Because of their greater load distribution, tracked plant often appears 
more suitable to working in wetter fill. However, such plant is 
generally much slower than rubber tyred plant and has a far lower economic
haul distance, and this is often therefore a false economy.
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8.0 CONCLUSIONS
This thesis has been concerned with formulating a rational system of ;
selecting cohesive soils suitable for use in earthworks embankments. ' j
A prime object in developing this approach has been to relate the method i
of assessment to the remoulded properties of the soils in order to isolate 
readily acceptable control parameters which could be used to facilitate 
field control of soils suitability and provide a means of estimating 
suitability in circumstances where a Ihorough laboratory based assessment 
cannot be made.
From analyses of the three factors which govern the acceptability of a 
cohesive soil in embankment: traffickability, slope stability and self­
settlement, it has been found that the remoulded undrained shear strength 
of a soil directly influences the first two factors. Self-settlement 
was found to be dependent on moisture content and is therefore indirectly 
related to undrained shear strength.
Because of its importance, the remoulded undrained shear strength behaviour
of cohesive soils was investigated in detail. The consolidation 
characteristics of these soils were also given some consideration. In order 
to facilitate comparisons betv/een the soils studied they were all remoulded 
to a state of near saturation, having air voids of about or less.
The deductions made in this thesis therefore refer to soils in a^similar
state of saturation..
Traffickability was considered, and found to be, in general, the most 
critical of the three factors influencing soils suitability. Thus 
attempts were made to relate the field behaviour of earthmoving scrapers 
to easily measured parameters such as rut depth, tyre pressure and 
remoulded undrained shear strength. Approximate relationships were obtained 
although a laboratory test to simulate the rutting behaviour of such plant 
proved unsuccessful.
The amount of compaction required of soils in embankment was also considered, 
and this was found to be related largely to the degree of traffickability ' 
provided by the soil and its placement moisture content.
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PART 1 CONCLUSIONS; Some Properties of Remoulded Cohesive Soils.
It was found that all the soils investigated exhibited a similar form of 
remoulded undrained shear strength dependence on moisture content (Fig.4 
(p5l))« When plotted on a log-log scale it was evident that there was 
a general trend for these soils to align parallel to each other (Fig.6(p53)) 
Investigations made on various classification parameters which might explain 
this behaviour revealed that the liquid limit of a soil was the most 
substantial influence. A linear relationship was found to exist between 
the moisture content at a given remoulded undrained shear strength and the 
liquid limit of a soil (see Fig.l4 (p6l )). This appeared to be a valid 
relationship at any given strength (see Fig.17 (p64 )).
Re-analysis of published data showed that the moisture content to produce 
a given suction in a remoulded cohesive soil could also be related linearly 
to the liquid limit (see Fig, 19 (p66 )), Since suction is known to 
influence directly the shear strength of a soil, this relationship was taken 
as a corroboration of the relationship of liquid limit with remoulded 
undrained shear strength.
It was found that the parameter most commonly used in assessing the 
suitability of fill, the plastic limit, could not be related adequately 
to the undrained shear strength behaviour of remoulded soils and attempts 
to establish such a relationship gave rise to large inaccuracies. There 
appeared to be a general trend for the moisture content at a given.undrained 
shear strength to increase as the plastic limit increased, but this could not 
be accurately represented by a linear relationship (see Fig. 12 (p^ )),
It was found that the common practice of defining the suitability limit 
of a soil by a factor x P.L represented a crude estimate of remoulded 
undrained shear strength (see Fig.12 (j^ 9)). This however was a mean 
relationship and at any given remoulded undrained shear strength there was 
also a tendency for the multiplicand of plastic limit to increase with the 
plastic limit (see Table2(pA6)), Although not the best line through the 
available data, the currently accepted criterion of 1.2 x P.L. approximated 
a general relationship for soils of 40 kN/m remoulded undrained shear 
strength. However, at this strength, the multiplicand varied from 
0.93 X P.L. to 1.44 X P.L. over a range of plastic limits from l6/e to 32%.
It was concluded that the 1.2 x P.L. criterion is an approximation of mean 
behaviour and cannot be applied in specific cases. Even in the general 
case it is only an approximate summary of the behaviour of soils at one
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particular remoulded undrained shear strength. Thus its employment 
could lead to a serious misassessment if a greater strength than 40 kN/m 
was required to ensure plant traffickability or embankment stability.
Analysis of other factors which might influence the undrained shear strength 
behaviour of remoulded soils indicated that the mineral content of the clay 
could play an important part. Some differences were noted in the 
remoulded undrained shear strength behaviour of artificial soils, whose 
principal mineral was either Kaolinite or Montmorillonite, and the behaviour 
of the natural soils studied in this thesis, the majority of which were 
Illite based. These differences may be due, in part, to intrinsic differences 
between artificial and natural soils, but in some degree are attributable 
to the influence of clay mineral.^
The influence of clay mineral was not immediately apparent when soil 
activity was compared directly with the moisture content to produce a given 
undrained shear strength; but when considered in conjunction with the 
percentage of clay present in each soil there appeared to be a tentative 
relationship (see Fig.9 (p^G). Comparing these results with published 
work on Montmorillonite and Kaolinite in artificial mixtures (Dumbleton and 
West (1970)) confirmed the influence of clay'mineral as exhibited through 
activity. It was shown that the influence of clay mineral on plastic 
limit was far greater than on liquid limit.(cf Figs.11,I6 (pp 5 8 ,6 3))*
It was concluded that the deduced behaviour of natural soils might not 
necessarily be unique and might be influenced to some degree by mineral 
content. However, because mineral content determinations are expensive, 
and the determination of exact clay contents difficult, it was considered 
that this knowledge would have limited practical application, and the 
relationship of liquid limit to the remoulded undrained shear strength.of 
a soil would provide a more reasonable pratical guide.
It was established that the remoulded undrained shear strength of a soil 
depended more on the liquid limit than the plastic limit, the latter being 
more subject to the influence of mineral content, coarse fraction, the narrow 
range over which plastic : limits occur, and the subjective nature of the 
test. Consequently factors which depend partly on plastic limit, such as 
liquidity index, were also found to be inadequate definitions of remoulded 
undrained shear strength behaviour. (See Fig.7(p54). Because plastic
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limit was not the prime influence it was shown that a series of curves 
proposed on a semi-theoretical/hypothetical basis by Bodin (1965)1 
which attempted to explain undrained shear strength behaviour in terms 
of the plastic limit, were erroneous. As a consequence, the approach 
proposed by Snedker (1975) for assessing soils suitability becomes inaccurate 
since this depends implicitly on the séries of curves proposed by Rodin.
The results of one dimensional consolidation tests on remoulded soils 
showed that there was a broad trend indicating that the higher the initial 
moisture content, the larger the value (See Fig.26 (p75 )). Different
soils showed the same effect, and when at the same moisture content 
the my value appeared to increase with increasing liquid limit ( Fig.26)
In general c^ values were found to decrease with increasing moisture 
content, although these could not be related so easily to a general trend 
as could m.^  values (See Fig. 28 (p 75 )).
A study of laboratory compaction tests showed that for a given soil at 
a given moisture content the remoulded undrained shear strength obtained 
corresponded to a unique dry density. The dry density at the optimum 
moisture content produced under modified B.S. effort appeared to be related 
in a regular manner to the liquid limit. There appealed also to be 
approximate relationships between dry density and liquid limit at different 
remoulded undrained shear strengths (see Fig.24(p71). The implication of 
these findings is that when used in conjunction with the reported behaviour 
of compaction plant, a more rational approach to selecting the appropriate . 
means of field compaction can be made at the site investigation stage. .
PART 2 CONCLUSIONS : Assessing the Suitability of Cohesive Fill.
In part 1 it was shown that the current method of specifying the upper • 
moisture content limit as a rigid function of P.L. appears to be erroneous 
and will not result in the optimum specification for individual materials.
For more than half the soils studied a 1.2 P.L, stipulation would be 
uneconomic, whilst in other cases it would grossly over-estimate suitability. 
Additionally if soils with a remoulded undrained shear strength greater than 
40 kN/m were required in embankment the 1,2 x P.L, would be totally 
inappropriate•
It has been shown that this criterion is in fact a crude general guide 
to remoulded undrained shear strength but cannot be applied in the-
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particular case. Because of this and because the factors which 
influence suitability depend on undrained shear strength, it is suggested ■
that the most appropraite way of specifying the suitability of clay V
materials for fill purposes is on the basis of remoulded undrained shear 
strength. Such an approach allows a fill suitability criterion to be 
chosen in accordance with the engineering requirements of the soil.
Certainly a direct undrained shear strengh criterion, is preferable in less . 
plastic soils where both the plastic limit and liquid limit are difficult 
to determine and may be open to large error.
A study of traffickability showed, despite limited data, that the remoulded 
undrained shear strength of a soil influenced the extent of rutting caused 
by earthmoving plant (see F i g ( p 9 4 ) ) .  Although this influence 
requires further substantiation,and perliaps greater particularisation to y
account for the different variables, a useful guide to the undrained shear 
strength of fill can result by observing the depth to which levelled fill 
ruts. The influence of tyre pressure on rutting was also isolated, and it 
was concluded that both the tyre pressure and weight of a vehicle influenced 
the depth of rutting. An attempted laboratory model of the rutting 
behaviour of plant showed little correlation with field results. In this 
test the sinkage of a constant vertical load was recorded at different 
remoulded undrained shear strengths of a soil-. It was considered that the 
lack of correlation with field results was due to the limited nature of 
the simulation and particularly to the lack of a horizontal movement 
component.
From field observations of traffickability it was concluded that the minimum
remoulded undrained shear strength of fill which medium to heavy plant
would require to maintain a large degree of unassissted traffickability was
60 kN/m . This corresponded to a rut depth of about 275mm which
experience indicated to be a reasonable top limit of traffickability.
From field observations and some published work of the T.H.R.L. (L.F. 510
(1975)), it was estimated that plant traffickability would not be hindered
at rut depths less than 200mm, and this corresponded to an undrained shear2strength of 80 kN/m . For medium to light plant the respective undrained2 2shear strengths at these depths of rutting were 40 kN/m and 60 kN/m • Ruts 
of between 200mm and 275mm were considered to define a range of undrained 
shear strengths where traffickability would be marginal.
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At the lower limit of traffickability of each of the two plant groups
studied, the conditions necessary to ensure short-term embankment stability
were investigated. Embankments founded on hard incompressible strata
where an end of term factor of safety of 1.5 would result were
investigated. It was found that the higher the liquid limit of a soil
the higher the permissible height of embankment (See Fig. 39 (p 135)). For 
embankments composed of remoulded material at the 60 kN/m^ traffickability
limit, it was found that stability would not be a problem in typièal road 
work embankments. Embankments up to l4m high could be tolerated at 
1: 1.5 side slopes, irrespective of soil type (see Fig. 39(p133)* For 
10m high embankments similarly constructed with soil of 40 kN/m , 1: 1.5 
side slopes were tolerable only for soils with a L.L greater than 48%.
Soils with L.L's lower than this would require 1; 2 side slopes ( Fig,3 9 )
For embankments up to 10m high, a typical maximum height in roadworks, 
abnormal side slopes were found to be unnecessary even when the soil had 
a strength of only 40 kN/m^. However, these results were for embankments 
on hard strata. Stability might become a critical factor where the 
founding strata are relatively weak, or where there are physical restrictions 
on the side slopes that may be adopted. In these circumstances it may 
be desirable to exclude soils of lower liquid limit or to raise the 
allowable remoulded undrained shear strength of material in the embankment.
In making this assessment, the foundation and embankment must be considered 
as one unit. In certain circumstances a stability criterion could 
replace the traffickability criterion in determining the acceptability 
of fill in embankment.
The results of one dimensional consolidation tests (see Fig.26 (p73) )
enabled self-settlement calculations to be made at moisture contents 
corresponding to the 40 kN/m^ undrained shear strength limit. These 
showed that the self-settlement depended again on soil type and could be 
related to the liquid limit (see Fig, 40 (p136). Soils of higher liquid 
limit were found to have lower self-settlements not only because they 
tended to have slightly lower m^ values at the same remoulded undrained 
shear strength, but also because they were less dense and therefore the 
consolidating pressure was less, and also because soils of high liquid 
limit showed a greater tendency to swell. For typical 10m high embankments 
calculated self-settlement was found to be between 250mm and 130mm.depending 
on soil type.
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It was considered that calculated values of self-settlement could over­
estimate field values for several reasons, and that because soils of low 
liquid limit generally have higher permeabilities higher calculated self- 
settlements might be acceptable in these soils. The tolerable magnitude 
of self-settlement is not known, but may in part depend on the position 
of usage High self-settlements would be undesirable near structures. 
Snedker (1973) has suggested that settlements of up to 150mm are tolerable 
to the D.O.E. On this basis there would be no problems with enibankiments 
up to 8m high (see Fig.40 (p156)). Similarly the height limit for soil 
of 60 kN/ra^ would appear to be about 10m. If the larger self-settlements 
which might occur in higher embankments cannot be accepted then a self­
settlement criterion might replace either a traffickability or a stability 
criterion in determining the acceptable moisture content and correspondingly 
higher remoulded undrained shear strength of a fill. Such a situation 
could apply near structures.
With the incorporation of drainage layers in embankment at about 2m 
intervals, it was estimated that for embankments composed of material at 
40 kN/m'^, 50% of the self-settlement could occur within 27 to 36 weeks, 
although 90% consolidation would take in the order to 2 to 3 years.
Drawing together the three influences of traffickability, stability and 
self-settlement it was possible to propose a coherent system for assessing 
the suitability of cohesive soils in embankment. The basis of this 
system is summarised in the flowchart in Fig.4l (p1^, and involves a 
reiterative process to determine the most critically influential factor.
The remoulded undrained shear strength corresponding to this critical limit 
becomes the criterion of suitability, and this in turn can be related to 
simple control parameters, through the relationship between liquid limit 
and moisture content at a given remoulded undrained shear strength 
established in part 1, (See Fig.T? (p64)). A design chart can then be 
constructed when the limit strength criteria have been established 
and the relative proportions of suitable, marginal and unsuitable material 
assessed from the results of classification testing.(Fig*43 (pl6 0)).
In order that an efficacious and economic assessment of material suitability 
can be made, sufficient data on the materials to be used must be available 
at the site investigation stage. Correct and appropriate testing should 
be carried out, notably the determination of the remoulded undrained 
shear strength/moisture content relationship and adequate classification
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%testing for each soil to be used as fill. In the absence of such testing 
however, general relationships have been determined relating remoulded 
undrained shear strength to traffickability, stability and seIf-settlement 
which should enable estimates of these to be made from classification 
parameters (Figs. 3 2 , 39, 40, (pp 94, 133» 136)).
in this system the concept of marginal materials is retained to allow 
for natural variations in soil and the distribution of test results. 
According to Sherwood (1970), one third of Cassagrande L.L. results may 
be in error by more than 8%, (although significant improvements result 
if the cone penetrometer method is employed (Sherwood 1968) the concept 
of marginal materials caters also for the contingencies involved in 
formulating the criteria and allows the engineer on site a certain degree 
of flexibility. Initially this marginal range is determined by 
traffickability considerations but it may disappear where high remoulded 
undrained shear strength criteria Eire required of the fill ( Fig.43(pl60) ),
The proposed system provides a means of estimating the more appropriate plant 
for excavation purposes. The selection of the correct plant is considered 
to be the major influence in determining the quantity of material that will 
be suitable. It is considered that unless plant appropriate to the 
soils are chosen, difficulties cannot be avoided at the construction stage.
Additionally, the system enables approximations to be made of the 
necessary field compaction required in embankment. In this approximation 
the appropriate compaction plant can be chosen from a consideration of 
soil properties and the reported behaviour of compaction plant (see for 
example Fig. 32 (p94)). Estimations can be made also of the possible 
bulking or shrinkage of soils in embankment, from a knowledge of the inter­
dependence of dry density, remoulded undrained shear strength and liquid 
limit established in part 1. This can be done by comparing the dry 
densities of undisturbed samples of a soil with the dry densities of 
remoulded samples over the range of natural moisture contents. Although 
crude, it is considered that such an estimate would be better than none 
at all.
It is suggested that in the field, suitability can be continuously assessed 
by monitoring the fill through classification and hand vane tests, in
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conjunction with the design chart developed at the site investigation 
stage. In dubious cases triaxial tests could be performed. Additionally, 
the general relationship between rutting and remoulded undrained shear 
strength might provide an indicative field guide. It might be possible 
to incorporate the design chart into . contract specifications or 
alternatively, direct undrained, shear strength criteria could be specified.
Use of the proposed system of assessment indicates that at the proposed2 2lower limits of traffickability, either 60 kN/ra or 40 kM/m (depending on 
plant type), the stability of 10m high embankments will be satisfactory 
at normal side slopes of 1 : 1.5 or 1:2 (founded on hard strata), and that 
self-settlements of 8m hign embankments will probably be acceptable.
However, particular requirements of stability and self-settlements may 
result in lower design remoulded undrained shear strengths which can be 
related back to new restricting moisture contents using previously 
established relationships (See Fig.1?(64)).
Worst conditions have been assumed in analyses, with embankments assumed 
to be wholly composed of fill at the lower limit of traffickability. In 
practice such large quantities of material are not frequently encountered.
As a consequence composite embankments of dry and wet materials layered 
in even thicknesses should be considered. In this way differential 
settlements could be avoided, and some compaction made of the wet material 
through the dry. Such composite embankments will obviously have less 
self-settlement and greater stability than embankments constructed entirely 
of wet materials.
It has been found that the critical factor for normal height embankments 
is whether or not they can be easily constructed. The saving made by not 
importing more suitable fill and not transporting the weaker material to 
spoil must be weighed against the cost of reduced plant efficiency and other 
possible additional expenditures.
It has been shown that the suitability of cohesive materials for embankments 
depends very much on their conditions of usage and the plant employed.
This is reflected in the proposed system of assessing suitability which 
does not aim to include more marginal material in embanlhnent per se' but 
to provide a more scientific basis for the selection of suitable materials.
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This may mean that some unmanageable materials which are now being 
accepted should in the future be rejected. Similarly some materials 
now being rejected may in the future be used as long as they are 
manageable.
It is considered that the proposed method of selection represents an 
improvement upon the rather arbitrary method now generally used, and that 
it will result in more economical, more consistent and better quality 
earthworks.
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APPENDIX No, 1.
GROUP A SOILS Classification Tests Densities Uncjrained Triaxial Compression Tests
Description M.C.
%
U.L.
%
P.L.
%
P.l.
%
Bulk
Mg/rnS
Dry
Mg/m3
Dia
mm
Confining
pressure
kN/m?
Max.
deviator
stress
kM/m?
Cohesion
Intercept
klM/m^
Angle of 
shearing 
resistance 
Degrees
No. 5 READING BEDS 13.! 13.t 
13.1
66 22 44 2.14 1.88 38 50 100 
200 '
601611
596 301 0
13.; 
15.114.c 71 24 47 2.05 1.78 38
50100200
298316342 159 0
Clay fractions 39»59i58 i^ 7 i60.
18.4l8.C
17.?
68 20 48 2,00 1.69 38 50100200
156
157
184 83 0
Average 55^ 18.4
17.418.5 73 23 50 1.97 1.67 38
50100200
108
123128 60 0
17.5
18.5 
19.1
70 23 47 1.92 1.62 38
50100200
829286 43 0
19.!20.220.2 78 24 54 1.92 1.60 38
50100200
88
94
96
47 0
18.6 
IS .6 
19.4
69 23 46 2.01 1.69 38
50100200
209180180. 95 0
19.920,221.2 68 21 47 1.82 1.53 38
50100200
47
3949 23
0
21.C 
21.4 
19.8
1.87 1.55 38 50100200
4652
59
• 26 0
24.2
25.9 1.85 1.51 38
50100 6380 34 0
28.1
27.3
27.9
1.88 1.48 38 50100200
44
57
64 27 0
No. 7 UNWEATHERED LONDON CLAY L.L. <  50.
18.418:1
17.8
47 19 28 2.05 1.73 38 50100200
202286286 129 0
19.3
19.2
18.7
48 19 29 2.07 1.74 38 50100200
240181
245
111 0
Clay fractions# ; 28,2't,21,22,23, 21 21.521.521.6 46 20 26 2.00 1.65 38
50100200
115 .105
105 54 0
Average 23# 20.621.220.7 47 19 28 1.99 1.65 38
50100200
98105
117 53
0
23.2
23.2 
24.0 47
21 26 1.96 ' 1.59 38
50100200
596661 31 0
23.3
24.7
24.2
47 20 27 1.930 1.57 38
50100200
597165 32 0
24.7
24.6
23.7
48 20 28 1.93 1.55 38
50100200
43
44 
58 25
0
28.5
28.328.1 47 19 28 1.90 1.48 38
50100200
39
37
42
19 0
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GROUP A SOILS Classification Tests Densities Undrained Triaxial Compression Tests
Description M.C.
%
L.L.
%
P.L.
%
P.l.
%
Bulk
Mg/m3
Dry
Mg/m3
Dia
mm
Confining
pressure
kN/m2
Max.
deviator
stress
kN/m?
Cohesion
Intercept
kN/m®
Angle of 
shearing 
resistance 
Degrees
No. 11 BAGSHOT BEDS 24.524.5
24.5
52 19 33 1.97 1.58 38 50100200
109105105 53 0
25.2
24.6
25.1
54 19 35 1.95 1.56 38 50100200
96
113106 52 0
Clay fraction % 30,32,33, 30, 29 25.025.525.6 58 19 39 1.94 1.55 38
50100200
7698106 47 0
Average 31# 26.8
26.326.6 54 20 34 1.92 1.52 38
50100200
6280
75
36 0
27.327.4 26.8 56 21 35 1.91 1.50 38
50100200
56
59
69
31 0
27.627.6 
26.9
56 21 35 1.89 1.49 38 50100200
60
57
58
29 0
' 51.551.952.3
60 23 37 1.81 1.37 38 50100200
37
35
36
18 0
28,929.029.8 55 17 38 1.86 1.44 38
50100200
36
44
47
21 0
No. 13 WEATHERED LONDON CLAY 55.424.7
23.8 57
20 37 1.94 1.56 38
50100200
899687 45 0
28.328.829.0 62 21 4l 1.88 1,46 38
50100200
61
64
73
33 0
:iay fraction % 28,38,38,33,33. 29.229.6
29.1
64 24 40 1.88 1.46 38 50100200
505060 27 0
Average 34# 30.530.329.9 65
21 44 1.84 1,41 38 50100200
57 
■ fo
29 0
31.933.132.7 65 25
40 1.81 1.37 38
50100200
38
4l36 20 0
32.7 32.232.8 64 22 42 1.81 1.37 38
50100200
38
37
38
19 0
32.4
31.5 32.0 62 24 38 1.81 1.37 38
50100200
3950
41
22 0
33.6 32.8
32.7 58 19 39 1.79 1,35 38
50100200
2830
42
18 0
34.6
34.333.9 1.76 1.31 38
50100200
30
3334
16 0
No. 15 UNWEATHERED LONDON CLAY L.L.>70 25.626,326.2 78 25 53 1.97 1.57 38
50100200
216222230 111 0
26.025.8
25.7 79 29 50 1.97 1.57 38
50100200
271
345356 162 0
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GROUP A SOILS Classification Tests D ensities
«i ixo. 1 rnnrfi...
Undrained Triaxial Compression Tests
Description
Continued
M.C.
%
L.L.
%
P.L.
%
P.L
%
Buik
Mg/m3
Dry
Mg/m®
Dia
mm
Confining
pressure
kN/m®
Max.
deviator
stress
kN/m®
Cohesion
intercept
kN/m®
Angle of 
shearing 
resistance 
Degrees
No. 15 UMWEATUSRED LONDON CLAY L.L.> 7 0 29.130.630.3
76 25 51 1.90 1.46 38
50
100
200
132
126
145 67
0
31.8 29.6 29.c 75 26 49 1.90
1.46 38
50
100
200
90 
95 ■ 114 50
0
Clay fraction % : 51,47,41, 45,44 31.430.7
31.! 79
28 51 1.83 ' 1.40 38
50
100
200
55
58
59
29 0
Average 46# 35.6 34.s
34,5
79 26 53 1.81 1.34 38
50
100
200
•52
64
67 31
0
36.7
37.7
37.;
74 25 49 1.80 1.31 38
50
100
200
54
6558
30 0
36.Ï 36.! 36.2
78 24 54 1.74 1.28 38
50
100
200
34
3927
18 0
GROUP B SOILS
No. 2 .-iRASKLESilAM BEDS 21.721.7 
21.( 30 19 11 2.02
1.66 38
50
100
200
26
33
37
16 0
19.j
19.: 30 19 11 2.04 1.71 38
50
100
53
63 28 0
Clay fraction #: 10, 10 Average 10#
20.( 
21.( 
20.( 30 19 11 2.01 1.65 38
50
100
200
27
41
53
20 0
19.Î19.; 30 19 11 1.99 1.66 38
100
200
44
64 27 0
18.( 30 19 11 2.00 1.70 38 200 86 43 0
No. 6 BROWN CLAY 13.713.713.8 44 19 25 2,19 1.92
38
0
0
0
711 772 . 761 574
0
16.4 48 19 29 2.15 1.85 38 0 338 169 0
Clay fraction % : 53,57 Average 35# 17.317.5 41 22 19 2.12 1.81 38 0
273268 135 0
21.020.7
21.1
2.08 1.72 38
0
0
0
96 
100 
' 78
46 0
21.0
21.4
21.2
2.06 1.70 38
0
0
0
68
8880 39 0
26.3
26.9
26.4
1.96 1.55 38
0
0
0
34
40
40
19 0
29.530.229.2
1.81 1.40 38
0
0
0
12.59.915.4 6
0
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APDEHDIX No. 1 contd...
GROUP B SOILS Classification Tests Densities Undrained Triaxial Compression Tests
Description M.C.
%
L.L.
%
P.L.
%
p.l.
%
Buik
Mg/m®
Dry
Mg/m®
Dia
m m
Confiningpressure
kN/m®
Max.deviatorstresskN/m®
Cohesionintercept
kN/m®
Angle of shearing resistance Degrees
No. 12 REDDISH BROWN CLAY 21.020.7
21.1
53 19 34 2.08 1.72 38
0
0
0
248
256
201
118 0
27.627.827.0 57 21 36 1.95 1.53 38
0
0
0
64
68
60
32 0
Clay fraction % : 55,45 Average: 50#
28.1
28.5
27.4 59
22 37 1.93 1.51 38
0
0
0
68
6565
33 0
28.8
28.8
28.3
66 22 44 1.94 1.51 38
0
0
0
8270
73
38 0
No. 16 GAULT CLAY
Clay fractions #: 55,55, Average: 50#
23.C 82 26 56 2.08 1.69 38
0
0
0
595574
539
285 0
25.3 85 26 59 2.04 1.63 38
0
0
0
275230
255 127
0
27.8 83 ' 28 55 1.99 1.56 38
0
0
0
186206186 96
0
30.6 87 27 60 1.94 1,49 38
0
0
0
110
123
133
61 0
32.6 81 28 53 1.87 1.41 38
0
0
0
847474 39 0
36.C 35.8 36.4 78 29 49 1.81 1.33 38
0
0
0
43
53
46
24 0
38.538.7
39.C
81 25 56 1.83 1.32 38
0
0
0
39
39
39
39 0
No. 18 LONDON CLAY, FOREST HILL 29.s 29.630. c 89 28 62 1.90 1.46 38 .
0
0
0
138l4l
140
70 0
Average Clay fraction 52# 31.331.531.7
84 , 26 58 1.94 1.47 38
0
0
0
196177194 94 0
Laboratory Vane Test 33.3 88 27 61 - - -
Resistance
1 5 4; 151, 
1 4 2, 136. 51 0
Laboratory Vane Test 35.2 - - - 133, 112, 94,
40 0
Laboratory Vane Test 35.0 - - -
108, 111, 
105, 123, 118 . 40 0
Laboratory Vane Test. 35.7 - - -
96
93 95 34 0
Laboratory Vane Test 37.3 - - - 78 , 91,
77 , 9 3 . 31
0
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